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(54) Parallel-plate electrode plasma reactor having inductive antenna and adjustable radial 
distribution of plasma ion density 



(57) There is disclosed a plasma reactor for 
processing a semiconductor worl^plece such as a wafer, 
including a chamber having an overhead ceiling with a 
three-dimensional shape such as a hemisphere or 
dome. The reactor further includes an inductive antenna 
over the ceiling which may be conformal or nonconfor- 
mal in shape with the ceiling. The ceiling may be a sem- 
iconductor material so that it can function as both a win- 
dow for the inductive field of the antenna as well as an 
electrode which can be grounded, or to which RF power 
may be applied or which may be allowed to float elec- 
trically. The reactor includes various features which al- 
low the radial distribution of the plasma ion density 
across the wafer surface to be adjusted to an optimum 
distribution for processing uniformity across the wafer 
surface. 




FIG. 1 
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TtiaJoiwition relates to a plasma reactor having 
parallel plates for interposition therebetween of a work- 
piece to be procesasd, such as a semiconductor wafer, s 
and an inductive coi^ antenna coupling RF power 
through one oi the parallel plates into the interior of the 
reactor. 

Inductively coupled plasma reactors for processing 
microelectronic semiconductor wafers, such as the type 
of reactor disclosed in U.S. Patent No. 4,948,458 lo 
Ogle, enjoy important advantages over parallel-plate 
capacitiveiy coupled plasma reactors. For example, in- 
ductively coupled plasma reactors achieve higher plas- 
ma ion densities (e.g., on the order of IC'' ions/cm^). 
Moreover, plasma ion density and plasma ion energy 
can be independently controlled in an inductively cou- 
pled plasma reactor by applying bias power to the work- 
piece or wafer. In contrast, capacitiveiy coupled reactors 
typically provide relatively lower plasma ton densities (e. 
g,, on the order of only 10"*^ ions/cm^) and generally 
cannot provide Independent control of ion density and 
ion energy. The superior ion-to-neutral density ratio pro- 
vided by an inductively coupled plasma etch reactor 
used to etch silicon dioxide, for example, provides su- 
perior performance at small etch geometries (e.g., be- 
low 0.5 micron feature size) including better etch anisot- 
ropy, etch profile and etch selectivity. In contrast, parallel 
plate capacitiveiy coupled plasma reactors typically stop 
etching at feature sizes on the order of about 0.25 mi- 
crons, or at least exhibit inferior etch selectivity and etch 
profile due to an inferior ion-to-neutral density ratio. 

The inductively coupled plasma reactor disclosed 
in U.S. Patent No. 4,948,458 referred to above has a 
planar coil overlying the chamber ceiling and facing the 
semiconductor wafer being processed, thereby provid- 
ing an optimally uniform RF induction field over the sur- 
face of the wafer. For this purpose, the ceiling, which 
seals the reactor chamber so that it can be evacuated, 
must be fairly transmissive to the RF induction field from 
the coll and is therefore a dielectric, such as quartz. It 
should be noted here that such a ceiling could be made 
from dielectric materials other than quartz, such as alu- 
minum oxide. However other materials such as alumi- 
num oxide tend produce greater contamination than 
quartz due to sputtering. 

An advantage of capacitiveiy coupled plasma reac- 
tors is that the chamber volume can be greatly reduced 
by reducing the space between the parallel plate elec- 
trodes, thereby better confining or concentrating the 
plasma over the workpiece, while the reactor can be op- 
erated at relatively high chamber pressure (e.g., 200 
mTorr). In contrast, inductively coupled plasma reactors 
require a larger volume due to the large skin depth of 
the RF induction field, and must be operated at a lower 
chamber pressure (e.g.. 10 mTorr) to avoid loss of plas- 
ma ions due to recombination. In commercial embodi- 
ments of the inductively coupled reactor of U.S. Patent 



targe chamber volum is met by a fairly large area side 
wall. The lack of any other RF ground return for wafer 
bias is used for etching (due to the requirement of a di- 
electric window to admit the RF induction field from the 
overhead coil) means that the chamber side wall should 
be conductive and act as the principal ground or RF re- 
tum plan . However, the side wall is a poor ground 
plane, as it has many discontinuities, such as a slit valve 
for wafer ingress and egress, gas distribution ports or 
apparatus and so forth. Such discontinuities give rise to 
non-unifonnn current distribution, which distort plasma 
ion distribution relative to the wafer surface. The result- 
ing sideways current flow toward the side wall contrib- 
utes to non-uniform plasma ion distribution relative to 
the wafer surface. 

One approach for combining capacitive and induc- 
tive coupling is to provide a side coil wound around the 
side wall of a parallel plate plasma reactor, as disclosed 
in European Patent Document Publication No. 0 520 
519 Al by Collins et ai. For this purpose, the cylindrical 
chamber side wall' must be a nonconductor such as 
quartz in order to admit the RF induction field of the side 
coil into the chamber. The main problem with this type 
of plasma reactor is that it is liable to exhibit processing 
non-uniformity across the wafer surface. For example, 
the etch rate is much greater at the wafer periphery and 
much slower at the wafer center, thereby constricting the 
process window, in fact, the etch process may actually 
stop near the wafer center while continuing at the wafer 
periphery. The disposition of the induction coil antenna 
along the side wall of the reactor chamber, the relatively 
short (e.g., 2 cm) skin depth (or depth within which most 
of the RF power is absorbed) toward the chamber cent- 
er, and the introduction of the etch precursor gas into 
the reactor chamber from the side, confine most of the 
etchant ion and radical production to the vicinity of the 
chamber side wall or around the wafer periphery. The 
phrase "etchant ion and radical" as employed in this 
specification refers to the various chemical species that 
perform the etch reaction, including fluoro-carbon ions 
and radicals as well as f luoro-hydrocartDon ions and rad- 
icals. The population of free fluorine ions and radicals is 
preferably minimized by well-known techniques if a se- 
lective etch process is desired. Energetic electrons gen- 
erated by the plasma source power interact with the 
process precursor gas and thereby produce the re- 
quired etchant ions and radicals and, furthermore, pro- 
duce molecular or atomic carbon necessary for polym- 
erization employed in sophisticated etch processes. 
The etch process near the wafer center is dependent 
upon such energetic electrons traveling from the vicinity 
of the chamber side wall and reaching the wafer center 
before recombining along the way by collisions with neu- 
tral species or ions, so that the etch process is not uni- 
form across the wafer surface. These problems are bet- 
ter understood In light of the role polymerization plays 
in the etch process. 
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Huuiu-fiyurocdroon cnemisiry is empioyea in a typical 
silicon dioxide etch process, for example, to enhance 
etch anisotropy or profile and etch sel ctrvity. as de- 
scribed in Bariya et al., 'A Surface Kinetic Model for 
Plasma Polymerization with Application to Plasma Etch- 
'"9.' Journal of t he Electrochemical Society . Volume 
137, No. 8 (August 1990), pp. 2575-2581 at page 1. An 
etch precursor gas such as a fluoro-carbon like CaFg or 
a fluoro-hydrocarbon introduced Into the reactor cham- 
ber dissociates by inelastic collisions with energetic 
electrons in the plasma into etchant ions and radicals 
as well as carbon. As noted above, such etchant ions 
and radicals include fluoro-carton or Huoro-hydrocar- 
bon ions and radicals, for example, and free fluorine ions 
and radicals. The free fluorine ions and radicals are pref- 
erably minimized through scavenging, for example, if 
the etch process is to be selective with respect to a non- 
oxygen containing material such as polysilicon. The car- 
bon and at least some of the fluoro-carbon or fluoro-hy- 
drocarbon ions and radicals are polymer-forming. Also 
present in the plasma are excited neutrals or undisso- 
ciated species and etch by-products. The polymer-form- 
ing radicals and carbon enhance etch profile as follows: 
By forming only on the side-walls of etch features (for- 
mation on the horizontal surfaces being prevented by 
the energetic downward ion flux from the plasma), pol- 
ymers can block lateral etching and thereby produce an- 
isotropic (narrow and deep) profiles. The polymer-form- 
ing ions and radicals also enhance silicon oxide etch se- 
lectivity because polymer generally does not form on the 
silicon oxide under favorable conditions but does form 
on silicon or other materials which are not to be etched 
but which may underlie a silicon oxide layer being 
etched. Thus, as soon as an overlying silicon oxide layer 
has completely etched through to expose an underlying 
polysiiiccn layer, the polymer-forming ions and radicals 
in the plasma that contact the exposed polysilicon layer 
immediately begin to form a polymer layer, inhibiting fur- 
ther etching. 

Such polymerization during the etch process re- 
quires a careful balance of etchant and polymer, the 
etchant concentration typically being at a depletion level 
to avoid inhibition of appropriate polymer formation. As 
a result, a significant proportion of etchant ions and rad- 
icals formed near the wafer periphery are consumed be- 
fore reaching the wafer center, further depleting the etch 
ion concentration over the wafer center. This leads to a 
lower etch rate or etch stopping near the wafer center. 

One reason that there are more ions at the wafer 
periphery is that the location of the inductive coil at the 
side wail causes hotter ion-producing electrons to be 
generated in the vicinity of the side wall, such electrons 
cooling off and/or being consumed by recombination be- 
fore reaching the center so that less production of etch- 
ant ions and radicals occurs over the wafer center. 
Moreover, introduction of the etchant precursor gas from 
the side and coupling of plasma source power from the 



bution favoring th side. Many of the ions and radicals 
formed near side (over the wafer periphery) are con- 
sumed by etching the quartz side wall and are not avail- 
5 able to etch the wafer center, while etchant ion/radical- 
forming energetic electrons generated near the side are 
lost to collisions with other species before reaching the 
wafer center, thus reducing the etchant ion concentra- 
tion at the wafer center. (It should be noted that the etch- 
^0 ing of the quartz side wall greatly increases the cost of 
operating the reactor because it consumes a very ex- 
pensive item -the quartz side wall, which must be peri- 
odically replaced.) The relative lack of etchant ions near 
the wafer center pemnits faster formation of polymer at 
75 the wafer center, so much so that in some cases the 
polymer formation ovenvhelms the etch process and 
stops it, particularly at feature sizes less than 0.5 mi- 
crons. Such etch stopping may occur either at larger 
etch features, at shallower etch depths or at shorter etch 
20 times. 

The converse of the foregoing is that the relative 
plentitude of etchant ions and radicals near the wafer 
periphery can. under selected processing conditions, so 
impede polymerization as to impair etch selectivity, pos- 
25 sibly leading to punchthrough of the underlying layer 
near the wafer periphery, in addition to causing a much 
higher etch rate at the wafer periphery. A related prob- 
lem is that the hotter electrons near the chamber side 
wall/wafer periphery providing more energetic plasma 
30 ions in that vicinity, coupled with the oxygen released by 
the etching of the quartz side wall mentioned above, 
erodes the edges of the photoresist mask near the wafer 
periphery. Such erosion leads to faceting, in which the 
corners defined by the photoresist mask are etched, giv- 
3S ing rise to an undesirable tapered etch profile. 

From the foregoing, it is clear that there is a trade- 
off between avoiding punchthrough and faceting at the 
wafer edge and avoiding etch stopping at the wafercent- 
er. dictating a very narrow window of processing param- 
^0 eters within which a successful etch process may be re- 
alized across the entire wafer surface. To avoid the over- 
etching the wafer periphery, the concentration of etchant 
ions and radicals in the plasma relative to other particles 
(e.g., polymer-forming ions or radicals and carbon) may 
^ be decreased, which risks etchstopping at the wafer 
center. Conversely, to avoid etchstopping at the wafer 
center, the concentration of etchant ions in the plasma 
may be increased, which risks punchthrough or faceting 
near the wafer periphery. Thus, the process window for 
50 successfully etching the entire wafer is very narrow. 

In the parallel plate plasma reactor, the concentra- 
tion of free fluorine in the plasma can be controlled by 
introducing a scavenging article, such as silicon, near 
or at the top of the reactor chamber. Silicon atoms phys- 
55 ically etched (sputtered), chemically etched or reactive 
ion etched from the scavenging article combine with the 
fluorine ions and radicals, thereby reducing fluorine ion 
and radical concentration in the plasma. By controlling 
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free fluorine ions and radicals in the plasma may be reg- 
ulated (e.g., reduced) as desired to meet the narrow 
processing window mentioned above. The physical or 5 
chemical etch rates can be controlled by controlling the 
temperature of the scavenging article and/or by control- 
ling the rate ol ion-bombardment on the scavenging ar- 
ticle. The surface of the scavenging article may be ac- 
tivated (to release silicon atoms into the plasma) either 10 
by RF power or by heating. By holding the scavenging 
article's temperature below the temperature at which 
polymerization occurs, the polymers accumulate on the 
scavenging article surface and block any release there- 
from of silicon atoms. By raising the scavenging article's 
temperature above the condensation temperature, the 
surface is free from polymers, thus permitting the re- 
lease of silicon atoms into the plasma. Further increas- 
ing the temperature increases the rate at which silicon 
atoms are released from the scavenging surface into the 20 
plasma. As for activating the scavenging article by RF 
power, the rate of ion bombardment of the scavenging 
article is affected by the RF potential or bias applied (di- 
rectly or indirectly) to the top parallel plate electrode ad- 
jacent the scavenging article. Reducing the free fluoririe 25 
concentration in this manner has the effect of not only 
decreasing etch rate but also enriching the carbon con- 
tent of the polymer, thus increasing the effect of the pol- 
ymer on the etch process to guard against punch 
through at the wafer periphery, but increasing the risk of ^0 
etch stopping at the wafer center. Conversely, increas- 
ing the tree fluorine concentration not only increases the 
etch rate but also depletes the carbon content of the pol- 
ymer, thus decreasing the effect of polymerization on 
the etch process, thus decreasing the risk of etch stop- 5S 
ping at the wafer center but weakening the protection 
against punch through at the wafer periphery. 

The narrow processing window is also met by reg- 
ulating the polymer-forming ion and radical concentra- 
tion in the plasma. -This is accomplished by regulating 40 
the rate at which such polymer-forming radlcais and ions 
are lost from the plasma by polymerization onto the 
chamber ceiling or sidewails (or a scavenging article) or 
the rate at which polymer deposits are sputtered from 
the ceiling or sidewails (or scavenging article). The po- ^ 
lymerization rate at the ceiling is affected by regulating 
the ceiling temperature above or below the polymeriza- 
tion temperature. The rate at which such polymer de- 
posits on the ceiling are etched and released into the 
plasma is affected by the following factors: the RF power 50 
applied (directly or indirectly), to the ceiling electrode, 
temperature, chamber pressure, gas flow rate, inductive 
source power and other parameters. 

Thus, in order to meet the narrow processing win- 
dow, in general the relative concentrations of free fluo- ss 
rine and polymer-forming ions and radicals in the plas- 
ma may be controlled by regulating the temperature of 
the chamber ceiling or side walls or a scavenging article 



10 ov rneao/ceiiing parauei plate eiectroae. 

Thus, it is seen that the parall l-plaje.plasrna reac- 
tor with the Jn^^^^^ around its cylindrical 
side wail has the advantage of providing its ceiling elec- 
trQde.as a uniform ground plane over the entire wafer 
surface, but confines plasma ion production to the vicin^ 

"ity of the chamber. side wall, so that plasma processing 
is weaker at the wafer center and stronger at the wafer 
periphery. The overhead planar coil plasma reactor has 
the advantage of a more unifomf^ RF induction field rel- 
ative to the wafer surface, so that ion production is not 
confined to the wafer periphery, but suffers from the lack 
of any uniform ground plane over the wafer, so that plas- 

' ma ion current flow to the side walls distorts the plasma. 
It is an object of the inyehtioato combine the ad* 
vantages 5fan inductively coupled plasma reactor hay- 
ing an overhead pTanarlnduction coil antenna with the 
advantages of a parallel plate electrode capacitively 
coupled plasma reactor in a single reactor without suf- 
fering the disadvantages or problems described above. 
Specifically, ft is an object of the invention to provide an 
inductively coupled parallel plate electrode plasma re- 
actor which exhibits unifomn plasma processing across 
the entire wafer surface, so as to widen the plasma 
processing window, thus permitting a wider range in 
processing parameters, such as chamber pressure for 
example. 

It is an object of the invention to pro vide an iriducligrt 
coil antenna whose physical disposition and/or power 
distribution pattern is relatively uniform with reference 
to the entire wafer surface so that plasma ion production 
is not predominantly at the vicinity of the chamber side 
wall, while at the sartie time providing a unrfomi ground 
plane in close proximity to the entire wafer surface so 
as to avoid plasma purrent flow to the chamber side wall. 
It is a further object of the invention to employ such a 
ground plane in a manner that effectively confines the 
plasma closer to the top surface of the wafer so as to 
minimize interaction with the chamber side wail. 

It is another object of the invention to eliminate or 
reduce consumable materials such as quartz or ceram- 
ics in the chamber walls, so as to avoid depletion of plas- 
ma ions near the chamber walls and consumption of ex- 
pensive reactor components through etching of such 
materials. 

It is a further object of the invention to enhance 
processing uniformity at the wafer center relative to the 
wafer periphery in such a reactor by providing a uniform 
etch and polymer precursor gas distribution. Specifical- 
ly, it is an object of the invention to introduce such gas 
from an optimum radial location of the chamber, such 
as from the chamber center and/or from the chamber 
periphery, whichever optimizes process uniformity 
across the wafer surface. For example, where etch rate 
is low at the wafer center and high at the wafer periphery, 
the gas is preferably introduced from the center of the 
ceiling rather than from near the periphery of the ceiling. 



p(tx*ttt>biiiy uDHormity ai me wafer center reiaiiye lo me 
wafer periphery in such a reactor by enhancing (or re- 
ducing, if desired) the RF Induction field over the wafer 
center relative to the RF induction field over the wafer 
periphery. Specifically, it is an additional object of the 
invention to provide separate or independent control of 
the strength of the RF induction field over the wafer cent- 
er and independent control of the strength of the RF in- 
duction field ov r the wafer periphery, so that the radial 
distribution of the RF induction field across the wafer 
surface is adjustable to optimize plasma processing uni- 
formity across the wafer surface. 

In a typical plasma processing chamber used for se- 
lective etching of thin films on a semiconductor wafer, a 
combination of etch and deposition processes are em- 
ployed simultaneously Polymer fomns on surfaces that 
are either sufficiently cold (below the temperature 
threshold of polymerization) or on which ion bombard- 
ment is below a threshold energy (the threshold ion en- 
ergy sufficient to offset the polymer deposition rate on 
that surface). The temperature threshold and the thresh- 
old ion energy depend upon the material of the surface. 
Deposition can occur on the wafer as well as the process 
chamber surfaces. Control of the deposition on the wa- 
fer as well as the process chamber surfaces is critical 
to controlling the selective etch process. Polymer dep- 
osition on interior surfaces of reactor chamber walls is 
required in cases where the material of the chamber 
walls is incompatible with the process being carried out 
on the wafer. One example of this is where the chamber 
walls are aluminum and the process being carried out 
is plasma etching of silicon dioxide. Deposition of poly- 
mer on the chamber wail surfaces prevents introduction 
of aluminum into the process by preventing plasma ion 
sputtering of the chamber wails. 

Conventional techniques for controlling polymer 
deposition required the user to choose between the fol- 
lowing two options: 

(1) Keeping the process chamber surfaces below 
the threshold temperature or keeping the ion energy 
below the threshold ion energy in order to cause 
polymer deposition on the surfaces; 

(2) Keeping process chamber surfaces above the 
threshold temperature or keeping the ion energy 
above the threshold ion energy in order to prevent 
polymer deposition on the surfaces. 

The problem with option (1 ) is that the polymer ac- 
cumulated on the surface must be removed periodically, 
either by manual (wet) cleaning, by plasma (dry) clean- 
ing, or by replacing the contaminated parts. Otherwise, 
flaking of the polymer will occur, leading to contamina- 
tion of the chamber Cleaning the reactor chamber re- 
quires the reactor operation be interrupted during the 
entire cleaning process, which represents a significant 
loss of productivity and increases the cost of operating 



ing process include not only loss of productivity but also 
loss of consumable materials in the chamber and con- 
tamination. 

5 The problem with option (2) is that etching of cham- 
ber surfaces occurs because the surfaces are exposed. 
Typically, these surfaces are either aluminum or quartz. 
For aluminum surfaces, etching creates contaminant 
by-products that can destroy the integrity of the plasma 

10 processing of the wafer, as mentioned hereinabove. For 
quartz surfaces, the etching can occur at such a high 
rate that the quartz parts must be replaced periodically 
at a significant cost in parts and lost production time. 
Moreover, some transition to colder surfaces -in other 

15 regions of the chamber such as the pumping annulus- 
must be provided. 

It is therefore an additional object of the invention 
to eliminate the requirement to periodically clean the re- 
actor chamber interior it is a further object of the inven- 

20 tion to prevent the collection of polymer on chamber sur- 
faces in the processing region of the chamber It is a 
related object to control the etch rate of those same 
chamber surfaces. It is a further object of the invention 
to provide appropriate transition from the processing re- 

2S gion of the chamber by confining the plasma to the 
processing region. It is a yet further object of the inven- 
tion to collect any residual polymer-fonming species in 
areas outside the processing region of the chamber 
such as the pumping annutus. 

30 There is disclosed a plasma reactor for processing 
a semiconductor workpiece such as a wafer, including 
a chamber having an overhead ceiling with a t hree-di- 
mensional shape such as a hemisphere or dome. The 
• reactor further includes an inductive antenna over the 

35 ceiling which may be conformal or nonconfomnal in 
shape with the ceiling. The ceiling may be a semicon- 
ductor material so that it can function as both a window 
for the inductive field of the antenna as well as an elec- 
trode which can be grounded, or to which RF power may 

^0 be applied or which may be allowed to float electrically. 
The reactor includes various features which allow the 
radial distribution of the plasma ion density across the 
wafer surface to be adjusted to an optimum distribution 
for processing uniformity across the wafer surface. For 

^5 example, the overhead coil antenna may be divided into 
separate axially symmetrical antennas which can be 
driven with different RF powers level as desired. The 
process gas inlets into the chamber may be disposed at 
different radial locations and the gas flow rates therein 

so rnay be independently controlled to achieve the desired 
plasma ion density distribution. The ceiling itself can be 
divided into electrically separate radially symmetrical 
sections which are then driven with different RF bias 
power levels to achieve a desired adjustment in plasma 

55 ion density distribution. A nonconformal coil antenna 
may take the form of a solenoid having helical windings 
extending away from the top surface of the ceiling. Fur- 
thermore, the temperature of the ceiling can be control- 
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ucti I uu Dtiia ai omer ni temperatures in accordance witn 
a desired ceiling temperature profile which optimizes 
plasma processing unitomiity across the wafer surface. 
For this purpose, plural heat sources (such as heat s 
lamps) are placed at different radial locations across the 
ceiling, the heat sources at the different radial locations 
being controlled independently. In this way, the ceiling 
is divided into different annular temperature control 
zones. Each and all of these features may be combined 10 
with any other one or some or all of the other features 
to enhance the ability of the plasma reactor to adjust the 
radial distribution of plasma ion density in the chamber. 

FIG. 1 illustrates a first embodiment of the plasma 
reactor- invention having a planar coil antenna overlying is 
a planar silicon ceiling. 

FIG. 2 is a graph illustrating the normalized forward 
voltage transmission coefficient from a transmitting RF 
coil to a receiving RF coil with a planar silicon window 
of FIG. 1 in between the transmitting and receiving RF 20 
coils. 

FIG. 3 is a graph illustrating the normalized forward 
voltage transmission coefficient from a transmitting RF 
coil to a receiving RF coil with a cylindrical version of 
the silicon window in between the transmitting and re- 2S 
ceiving RF coils. 

FIG. 4 illustrates an emtjodiment of the invention 
employing power splitting between the silicon ceiling 
and the wafer pedestal. 

FIG. 5 illustrates an embodiment of the invention 30 
employing separate RF power sources to drive the wa- 
fer pedestal, the overhead induction coil and the silicon 
ceiling. 

FIG. 6 illustrates an embodiment of the invention in 
which the overhead inductive antenna is divided into 35 
separately powered concentric inner and outer wind- 
ings. 

FIG. 7 illustrates an embodiment employing a side 
inductive antenna wound around a cylindrical silicon 
side wail. 40 

FIG. 8 illustrates an embodiment corresponding to 
that of FIG. 7 in which power from a single RF power 
source is split between the silicon side wall and the wa- 
fer pedestal. 

FIG, 9 illustrates and embodiment employing sep- -^5 
arate RF generators driving the silicon side wall, the wa- 
fer pedestal and the inductive side antenna. 

FIG. 10 illustrates and embodiment combining the 
silicon ceiling and overhead Inductive antenna with the 
silicon side wall and the inductive side coil wound there- so 
about. 

FIG. 11 illustrates an embodiment corresponding to 
that of FIG. 10 employing power splitting between the 
silicon side wall and the wafer pedestal. 

FIG. 1 2 illustrates an embodiment in which the sili- 55 
con ceiling, the silicon side wall, the overhead inductive 
antenna and the side inductive antenna are separately 
driven with RF power. 



to that of FIG. 1 employing a dome-shaped silicon ceil- 
ing. 

FIG. 13B illustrates an embodiment corresponding 
to that of FIG. 4 employing a dome-shaped silicon ceil- 
ing. 

FIG. 13C illustrates an embodiment corresponding 
to that of FIG. 5 employing a dome-shaped silicon ceil- 
ing. 

FIG. 13D illustrates an embodiment corresponding 
to that of FIG. 6 employing a dome-shaped silicon ceil- 
ing. 

FIG. 14 illustrates an embodiment having a dome- 
shaped silicon ceiling and an overlying inductive anten- 
na having a dome-shaped portion overlying the ceiling 
and continuing into a cylindrical portion wrapped arouhd 
the cylindrical side wall. 

FIG. 15 illustrates and embodiment corresponding 
to that of FIG 14 but in which the dome-shaped and cy- 
lindrical portions of the inductive antenna are isolated 
from one another and separately driven with RF power. 

FIG. 16 Illustrates an embodiment corresponding to 
that of FIG. 6 in which power from a common RF gen- 
erator is split between the inner and outer inductive an- 
tennas. 

FIG. 17A illustrates an embodiment corresponding 
to that of FIG. 15 in which power from a common RF 
generator is spirt between the dome-shaped and cylin- 
drical inductive antenna portions. 

FIG. 17B illustrates an embodiment having sepa- 
rate inner and outer dome-shaped inductive antennas 
between which power from a common RF generator is 
spilt. 

FIG. 1 8 illustrates an embodiment con-esponding to 
that of FIG. 10 in which power from a common RF gen- 
erator is split between the overhead inductive antenna 
and the side inductive antenna. 

FIG. 1 9 illustrates an embodiment corresponding to 
that of FIG. 1 in which power from a common RF gen- 
erator is split between the overhead inductive antenna 
and the silicon ceiling. 

FIG. 20 illustrates an embodiment corresponding to 
that of FIG. 1 in which power from a common RF gen- 
erator is split between the overhead inductive antenna 
and the wafer pedestal. 

FIG. 21 illustrates an embodiment corresponding to 
that of FIG. 1 3A having a dome-shaped ceiling in which 
power from a common RF generator is split between the 
overhead inductive antenna and the dome-shaped sili- 
con ceiling. 

FIG. 22 illustrates an embodiment corresponding to 
that of FIG. 1 3A having a dome-shaped ceiling in which 
power from a common RF generator is split between the 
overhead inductive antenna and the wafer pedestal. 

FIG. 23 illustrates an embodiment in which the wa- 
fer pedestal and the silicon ceiling are separately driven 
with RF power and each serves as the counter electrode 
for the other. 



lo mai oi ntj. iiy m wnicn the silicon ceiling is dome- 
shaped. 

FIG. 25A is a side view of an embodiment of the 
silicon ceiling including a conductive back plane. 

FIG. 25B is a top view of one embodiment of the 
conductive back plane. 

FIG. 25C is a top view of another embodiment of 
the conductive back plane. 

FIG. 26 is a side view of an embodiment of the sil- 
icon ceiling which is bonded to a supportive substrate. 

FIG. 27 is a side view of an embodiment corre- 
sponding to that of FIG. 26 in which the supportive sub- 
strate is an insuiative holder of the overhead inductive 
antenna. 

FIG. 28 is a side view of an embodiment of the in- 
vention in which the antenna holder is conductive, 

FIG. 29 is a side view of an embodiment corre- 
sponding to that of FIG. 28 in which the conductive an- 
tenna holder has a pair of annular apertures containing 
the inner and outer overhead inductive antennas. 

FIG. 30A is a top view of a non-concentric embod- 
iment of the overhead inductive antenna. 

FIGS. 30B and 30C are side views ot alternative im- 
piementations of the inductive antenna of FiG. 30A hav- 
ing planar and dome-shaped shapes, respectively. 

FIG. 31 A is a top view of another non-concentric 
embodiment of the overhead inductive antenna. 

FIGS. 31 B and 31 C are side views of alternative im- 
plementations of the inductive antenna of FIG. 31 A hav- 
ing planar and dome shapes, respectively. 

FIG. 32 is a cross-sectional side view of a dual cy- 
lindrical helix embodiment of the overhead inductive an- 
tenna. 

FIG. 33 is a cross-sectional side view of a pair of 
concentric cylindrical helix inductive antennas of the 
type illustrated in FIG. 32 for the inner and outer anten- 
nas of FIG. 16. 

FIG. 34 is a cross-sectional side view of an embod- 
iment of the overhead inductive antenna consisting a 
layers of inductive antennas. 

FIGS. 35A through 35E illustrate one embodiment 
of a center gas feed silicon ceiling, of which FIG. 35A is 
a bottom perspective view of the gas feed top, FIG. 3SB 
is a bottom perspective view of an annular seal therefor, 
FIG. 35C is a cross-sectional view of the seal of FIG. 
35B, FIG. 35D is a top perspective view of the silicon 
ceiling showing the gas feed holes and FIG. 35E is a 
partial cross-sectional view of the silicon ceiling of FIG, 
35D. 

FIG. 36A is a cross-sectional view of another em- 
bodiment of the center gas feed silicon ceiling having a 
pair of gas plenums separated by a silicon wafer baffle. 

FIG. 36B illustrates an alternative embodiment cor- 
responding to FiG. 36A. 

FIG. 37A illustrates how a Faraday shield may be 
included in the embodiment of FiG. 1. 

FIG. 37B is a top view of the Faraday shield of FIG. 



FIG. 38A illustrat s how a Faraday shield may be 
included In the embodiment of FIG. 10 having a dome- 
shaped ceiling. 

5 FIG. 38B illustrates how a Faraday shield may be 
included in the embodiments of FIGS. 7-9 having a cy- 
lindrical semiconductor window electrode and inductive 
antenna. 

FIG. 39A is a detailed cross-sectional side view of 
a preferred implementation of the invention. 

FIG 39B is an axial cross-sectional view of the con- 
ductor employed in the overhead inductive antenna. 

FIG. 40 illustrates an alternative embodiment in 
which the semiconductor window and inductive antenna 
are inside the reactor chamber. 

FIG, 41 A illustrates an embodiment corresponding 
to FIG. 40 in which the semiconductor window is dome- 
shaped. 

FIG. 41 B illustrates an embodiments corresponding 
to FIG. 40 in which the semiconductor window is cylin- 
drical and the inductive coil is cylindrical. 

FIGS. 42 and 43 illustrate, respectively, side and top 
views of a segmented version of the semiconductor win- 
dow electrode. FiG. 44 illustrates an embodiment cor- 
responding to that of FIG. 42 in which the semiconductor 
window is dome-shaped. FiG. 45 illustrates an embod- 
iment in which RF power is split between the semicon- 
ductor window electrode and a sidewall electrode, which 
ftseif may be a segmented portion of the semiconductor 
window electrode. 

FIGS. 46 and 47 illustrate modifications of the em- 
bodiments of FIGS. 42 and 44 in which the outer seg- 
ment of the semiconductor window electrode is ground- 
ed and RF power is split between the center segment 
of the semfconductor window electrode and the wafer 
pedestal. 

FIG. 48A is a cut-away side view of a plasma reactor 
of one embodiment of the inverition having an all-sem- 
iconductor enclosure confining plasma within a process- 
ing region over the wafer. 

FIG. 488 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 48A with the exception that 
the plasma is isolated axially rather than laterally relative 
to the wafer pedestal. 

FIG. 48C illustrates an embodiment corresponding 
to FIG. 48A in which different sections of the ceiling are 
driven at different RF frequencies. 

FIG. 49 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 48 A with the exception that 
the all-semiconductor enclosure is monolithic. 

FiG. 50 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 48 A with the exception that 
the semiconductor enclosure is divided into a disk cent- 
er section and an annular section having cylindrical skirt. 

FIG. 51 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 48 A with the exception that 
the semiconductor enclosure is divided into a disk cent- 
er section, an annular side section and a separate cy- 



75 



20 



25 



30 



35 



40 



45 



SO 



7 



I iw. iiiudiimoa lilt* pwbMicneisuiuf ui riV3.au wun 
separate inner and outer induction coils. 

FIG. 53illustratestheplasmareactorof FIG.51 with 
separate Inner and outer induction coils. 

FIG. 54 illustrates the plasma reactor of FIG. 48A 
with a cylindrical induction coil wound around the cylin- 
drical skirt of the semiconductor enclosure. 

FIG. 55 illustrates the plasma reactor of FIG. 49 with 
a cylindrical induction coil wound around the cylindrical 
skirt of the semiconductor enclosure. 

FIG, 56 illustrates the plasma reactor of FIG. 50 with 
a cylindrical induction coil wound around the cylindrical 
skirt of the semiconductor enclosure. 

FIG. 57 illustrates the plasma reactor of FIG. 51 with 
a cylindrical induction coil wound around the cylindrical 
skirt of the semiconductor enclosure. 

FIG. 58 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 48A with the exception that 
the ceiling portion of the semiconductor enclosure is 
dome-shaped. 

FIG. 59 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 49 with the exception that 
the ceiling portion of the semiconductor enclosure is 
dome-shaped. 

FIG. 60 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 50 with the exception that 
the ceiling portion of the semiconductbr enclosure is 
dome-shaped. 

FIG. 60 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 50 with the exception that 
the ceiling portion of the semiconductbr enclosure is 
dome-shaped. 

FIG. 61 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 51 with the exception that 
the ceiling portion of the semiconductor enclosure is 
dome-shaped. 

FIG. 62 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 52 with the exception that 
the ceiling portion of the semiconductor enclosure is 
dome-shaped. 

FIG, 63 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 53 with the exception that 
the ceiling portion of the semiconductor enclosure is 
dome-shaped. 

FIG. 64 is a cut-away side view of a plasma reactor 
corresponding to that of FIG, 54 with the exception that 
the ceiling portion of the semiconductor enclosure is 
dome-shaped. 

FIG. 65 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 55 with the exception that 
the ceiling portion of the semiconductor enclosure is 
dome-shaped. 

FIG. 66 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 56 with the exception that 
the ceiling portion of the semiconductor enclosure is 
dome-shaped. 

FIG. 67 is a cut-away side view of a plasma reactor 



ine c uing portion ot the semiconductor enclosure is 
dome-shaped. 

FIG, 68A is a diagram of a first version of the plasma 
5 confinement n^gnets optionally employed in the em- 
bodiments of FIGS. 48-67. 

FIG. 68B is a diagram of a second verskDn of the 
plasma confinement magnets optionally employed in 
the embodiments of FIGS. 48-67. 
10 FIG. 68C is a diagram of a third version of the plas- 
ma confinement magnets optionally employed in the 
embodiments of FIGS. 48-67. 

FIG. 68D is a diagram of a third version of the plas- 
ma confinement magnets optionally employed in the 
'5 embodiments of FIGS. 48-67. 

FIG. 6BE is a diagram of a fourth version of the plas- 
ma confinement magnets optionally employed in the 
embodiments of FIGS. 48-67. 

FIG. 69 is a cut-away side view of a plasma reactor 
20 of an alternative embodiment of the invention corre- 
sponding to that of FIG. 48A but employing capacitive 
coupling. 

FIG. 70 is a cut-away side view of a plasma reactor 
corresponding to that of FIG . 48 A with the exception that 
25 the ceiling portion of the semiconductor enclosure is 
hemispherical. 

FiG. 71 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 49 with the exception that 
the ceiling portion of the semiconductor enclosure is 
30 hemispherical. 

FIG, 72 is a cut-away side view of a plasma reactor 
corresponding to that of FiG. 50 with the exception that 
the ceiling portion of the semiconductor enclosure is 
hemispherical. 

35 FIG. 73 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 51 with the exception that 
the ceiling portion of the semiconductor enclosure is 
hemispherical. 

FIG. 74 is a cut-away side view of a plasma reactor 

40 corresponding to that of FIG. 52 with the exception that 
the ceiling portion of the semiconductor enclosure is 
hemispherical. 

FIG. 75 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 53 with the exception that 

45 the ceiling portion of the semiconductor enclosure is 
hemispherical. 

FIG, 76 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 54 with the exception that 
the ceiling portion of the semiconductor enclosure is 

50 hemispherical. 

FIG. 77 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 55 with the exception that 
the ceiling portion of the semiconductor enclosure is 
hemispherical. 

55 FIG. 78 is a cut-away side view of a plasma reactor 
corresponding to that of FIG. 56 with the exception that 
the ceiling portion of the semiconductor enclosure is 
hemispherical. 
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the ceiling portion of the semiconductbr enclosure is 
hemispherical. 

FIG. 80 illustrates a plasma reactor having a dome- 
shaped or hemispherical semiconductor window elec- 
trode ceiling with plural radially grouped temperature 
controlled zones, plural radially symmetrical inductive 
coils, the inductive coils being non-conformal with the 
ceiling shape. 

Referring to FIG. 1. a plasma reactor includes a 
sealed cylindrical chamber 1 00 enclosed by a cylindrical 
side wall 1 05, a disk-shaped ceiling 1 1 0 and a base 1 1 5 
A wafer pedestal 120 supports a semiconductor wafer 
or workpiece 125 to be processed by the reactor The 
wafer pedestal 120 may be an electrostatic chuck as- 
sembly, as disclosed in co-pending U.S. Patent Appli- 
cation Serial No. 08/ , filed July 26, 1 995 by 
Kenneth S. Collins et al. entitled "PLASMA SOURCE 
WITH AN ELECTRONICALLY VARIABLE DENSITY 
PROFILE" and assigned to the assignee of the present 
application, the disclosure of which is incorporated here- 
in by reference. A bias RF power generator 130 applies 
a bias potential to the wafer pedestal 120 through an 
impedance match circuit 135 of the type well-known in 
the art. Impedance match circuits are disclosed, for ex- 
ample, in U.S. Patent No. 5,392,018 to Collins et al and 
U.S. Patent No. 5.187,454 to Collins et al. Gas inlets 
137 adjacent the pedestal 120 admit a processing gas 
such as an etchant precursor gas such as a CJF^ gas. 
A.vacuum pump 140 evacuates the chamber 100 to a 
desired pressure. An overhead inductive coil antenna 
145 held over the ceiling 110 in an insulating antenna 
holder 147 is connected to a plasma source RF power 
generator 1 50 through another conventional impedance 
match circuit 155 and inductively couples RF power into 
the chamber through the ceiling 110. 

In order to provide a unifomi ground return for the 
bias RF power over the entire surface of the wafer 125 
and in order to minimize current flow toward the side 
wall 105, the ceiling 110 is grounded. However, this fea- 
ture requires the ceiling 110 to perform two functions: 
(a) act as a conductor that can be grounded and (b) act 
as a non-conductor so that the RF induction field from 
the overhead coil antenna 145 can pass therethrough 
In order to fulfill its dual-function role, t he ceiling iini.^ 
a semicondystorsj^^ The silicon ceiling 110 

may be insulated from conductive member of the cham- 
ber by insulators 158. It is felt that the silicon ceiling 110. 
as a semiconductor, has sufficient conductive properties 
to act as an electrode or ground plane. In order to ver- 
tically confine the plasma closer to the wafer 125 and 
bring the unifomi overhead ground plane into closer 
proximity to the wafer 125 (i.e.. closer than (he side wall 
105) to minimize sideways plasma current flow to the 
side wall 1 05, the silicon ceiling 1 1 0 preferably is placed 
within a distance of the wafer 125 less than the wafer 
diameter and as close as only a fraction of the wafer 



ameier waier;. i nis aisiance can o as great as iiu cm 
and as little as 1 cm although a preferable range is 2-10 
cm. 

* The ceiling 110 is a semiconductor window of a 
semiconductor material which is preferably silicon 
However, other well-known semiconductor materials 
may be employed, such as silicon cartside, germanium 
lll-V compound semiconductors such as gallium arse- 
'0 nid or indium phosphide and ll-lll-v compound semi- 
conductors such as mercury cadmium telluride The 
requisite dopant impurity level at room temperature giv- 
en a desired resistivity value of the silicon window elec- 
trode may be obtained from the graph of Fig. 4.14 of 
Grove. Physics of Seminnnriiirwc pog^in Thntnm 
perature of the siircon window 110 must be maintained 
within a range above which A does not act like a dielec- 
tric and below which it does not act like a conductor. The 
requisite temperature range may be obtained from the 
20 graph of Fig. 4.8 of Grove. Physics of SBmirnnri,..t^,. 
Illustrating the electron concentration in ntype silicon as 
a function of temperature. This graph shows that below 
about 100'K. the silicon begins to act like a dielectric 
while above about 600»K the silicon begins to act like a 
« conductor. It is therefore preferable to maintain the tem- 
perature of the silicon ceiling lio in a range where the 
earner electron concentration is fairty constant with re- 
spect to temperature, which is within the range between 
100»Kand600»K. 
•30 The advantages of the plasma reactor of FIG. 1 in- 
clude the even distribution across the entire wafer sur- 
face of the plasma source power generated by the over- 
head coil antenna 145 in comparison with the conven- 
tional type of reactor having a coil wound around the 
3S side waN. Thus, plasma ion generation is not confined 
to the vicinity of the side wall but is unifomily distributed 
over the wafer surface. Plasma ion uniformity is en- 
hanced because the grounded ceiling electrode 110 re- 
duces or eliminates plasma current flow to the side wall 
1 05. in contrast to the sideways current flow in the plas- 
ma reactor having an overhead coil antenna over a di- 
electric ceiling as disclosed in U.S. Patent No 
4,948,458 referred to above. Also, the close vertical 
proximity between wafer and ceiling reduces the dis- 
c's tance between the wafer and the region in which plasma 
ions are generated, thereby reducing recombination 
losses and pemiitting the chamber pressure to be in- 
creased (e.g.. to be in the range of 50-200 mTorr, for 
example). Such an increase in chamber pressure can 
so be desirable for enhancing certain processing perform- 
ance parameters, such as etch selectivity The uniform- 
ity of plasma ion generation in the embodiment of FIG 
1 (achieved by the overhead coil antenna 1 45) coupled 
with the reduction in current flow to the chamber side 
ss wall (achieved with the grounded silicon ceiling 110 in 
close proximity to the wafer 125) reduces or eliminates 
differences in processing (e.g., etching) at the wafer 
center and processing at the wafer periphery, thereby 
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efy is reduced white at the same time the tendency to 
etch stop at small feature sizes at the wafer center is 
also reduced. Also, the tendency near the wafer periph- ^ 
ery to facet the photoresist mask edges and to generally 
etch the photoresist giving rise to poor etch profile is re- 
duced or eliminated. Thus, the plasma reactor of FIG. 1 
can provid at very small feature sizes aggressive etch 
performance across the entire wafer surface with supe- 
rior etch profile and superior etch selectivity with little or 
no microloading. Moreover, since there is little or no par- 
ticipation of the side wall 105, consumption of reactor 
components and the associated operating cost is signif- 
icantly reduced. Accordingly, the invention provides a ?5 
revolutionary advance in the art. 

There are, however, a number of potential problems 
which, if not resolved, could render the reactor of FIG, 
1 impractical. First, there is the problem of whether the 
silicon ceiling 110 will block the RF induction field of the 20 
overhead coil antenna 145 from ever reaching the 
chamber 1 00. For example, the impedance of the silicon 
ceiling 110 to the RF induction field may be too great to 
permit transmission therethrough. This may be affected 
by the dopant impurity concentration in the silicon ceiling 25 
110 or by the temperature of the silicon ceiling 110. Al- 
ternatively, the RF induction field skin depth through the 
silicon ceiling 110 may not exceed the ceiling thickness, 
thus preventing transmission therethrough. Also, the RF 
Induction field skin depth through the plasma in the ^0 
chamber 100 may be greater than the chamber height 
(i.e., the wafer-top electrode gap), so that the RF induc- 
tion power may not be efftciently coupled to the plasma. 
Another problem is that the close proximity of the ceiling 
1 1 0 to the wafer 1 25 may be insufficient to separate the 5S 
plasma sheath near the ceiling 110 from the plasma 
sheath near the underlying wafer 125. thereby shorting 
out the plasma from top to bottom. Also, insertion of the 
silicon material of the ceiling 110 into the RF return path 
of the bias RF power generator 130 may occasion sig- 40 
nificant RF bias power losses. Finally, there may not ex- 
ist a suitable or practical range of resistivity values for 
the semiconductor window within which an RF inductive 
field can be coupled without undue bss or attenuation. 
These problems are solved or othenvise disposed of in ^ 
the analyses that follows immediately betow. 

The Induction Field's Skin Depth Through the Plasma is 
Sufficiently Short so that Power is Efficientiv Absorbed 
in the Plasma: 

The skin depth of the RF induction field from the 
overhead coil antenna 145 is less than the ceiiing-to- 
wafer height (e.g., on the order of the wafer diameter or 
less), so that the power from the coil antenna 1 45 is in* 55 
ductively coupled to the plasma efficiently. This may be 
shown tor two cases, namely a collisiona! skin depth in 
which the plasma source RF angular frequency is much 



sion irequency, and a collisionless skin depth in which 
the plasma source RF angular frequency is much great- 
er than the plasma momentum transfer elastic collision 
frequency. 

The collisional skin depth 6^ of the RF induction field 
through the plasma is computed as follows: 

(1) 5, = (2T^/co)'^c[(e'n,y(eomJ]'''^' 
where: 

= 1 .4-107 see"'* is the electron-to-neutral momen- 
tum transfer collision frequency for an Argon plas- 
ma at a temperature of 300'K and a chamber pres- 
sure of SmTorr, 

CO = 12.57-10® radians/sec is the angular frequency 
of the induction field RF power source applied to the 
coil antenna, 

c = 3-10® meters/sec is the speed of light, 
e = 1.6022-10'^^ coulomb is the electron charge, 
n^ = 5*1 ©""^ meters*^ is the applicable electron den- 
sity, 

= 8.85*1 0-^s farads/meter is the electrical 

permittivity of free space, and 

m^ = 9.1 095-1 0*^"* kg is the electron mass. 

Substituting the foregoing values into Equation 1 
yields: 

(2) 6, = 1.1 cm 

as the collisional skin depth. 

The collisionless skin depth 8p of the RF induction 
field through the plasma is computed as follows: 

(3) 5p = c[(e\y(eomjr'^. 

Substituting the foregoing values into Equation 3 
yields: 

(4) 5p = 0.8cm 

as the collisionless skin depth. Thus, in either case the 
skin depth of the RF induction field is significantly less 
than the wafer-to-ceiling height, so that the RF source 
power is efficiently absorbed by the plasma. 
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It Can Ext end Through the C ilinq 

The RF induction field of the coil antenna 145 has s 
a skin depth in silicon that far exceeds the-one-inch (2.54 
cm) thickness of the silicon ceiling. Therefore, the RF 
induction field is sufficiently deep to penetrate the silicon 
ceiling 110. provided the resistive losses are sufficiently 
small. This may be closely estimated by computing the to 
skin depth 6 of a uniform plane wave incident on ah in- 
finite planar silicon slab: 



5 = hfa^r^ 



IS 



where: 



f = 2 MHz is the frequency of the RF power source 
1 30 connected to the coil antenna 1 45, 20 
^ = 4JC-10-7 Henries/meter is the magnetic permea- 
bility of the silicon slab, and 
a = 3.33 n -^meters Is the conductance of the 30 
Q-cm resistivity silicon slab. 

25 

Substituting the foregoing values into the equation 
for 6 yields: 



5 = 0.195 m, 

so that the skin depth is about eight times the thickness 
of the silicon ceiling 110 and therefore the RF induction 
field has a penetration depth well into the chamber 10, 
provided the silicon ceiling 110 does not pose a high im- 
pedance to the RF induction field. 

The Silicon Ceiling Po ses a Low Impedance to the RF 
Induction Field: 

Transmission of an RF induction field through an 
embodiment of the silicon ceiling 110 consisting of a 
discshaped silicon slab of 30 Q^m resistivity at room 
temperature measuring 13.5 inches in diameter and 1 
inch in thickness was tested at room temperature by 
placing induction coils on opposite sides of the slab, 
connected the coil on one side of the slab to a variable 
frequency RF source and connecting the coil on the oth- 
er side to a multichannel analyzer and then sweeping 
the frequency of the RF source from 1 kHz to 10 MHz. 
The resulting output of the multichannel analyzer Is il- 
lustrated in FIG. 2. For the curve labelled -magnitude-, 
the vertical axis is the ratio of the magnitudes of the re- 
ceived and transmitted signals and extends from a value 
of unity at the lop of the scale and falls in 0.1 unitless 
increments, while the horizontal axis is frequency and 
extends from 1 kHz on the left to 10 MHz on the right. 
For the curve labelled -phase', the vertical axis is the 



at the top of the scale and falls in 20" increments. The 
graph of FIG. 2 clearly indicates that there virtually is no 
loss of RF power through the silicon slab out to 2 MHz 
and that there is relatively little loss above 2 MHz. 

While FIG. 2 iilustrat s the results obtained with a 
discoid silicon slab. FIG. 3 illustrates results obtained at 
room temperature with a cylindrical silicon slab having 
a 12.3 inch outside diameter, a 1 cm wall thickness. A 
5-tum transmission coil was wound around the outside 
of the cylindrical slab for transmitting RF power into the 
interior volume surrounded by the cylindrical silicon 
slab. Measurements were taken at the center of the in- 
terior volume from an 8-turn receiver coil having a 2.3 
inch outskje diameter and a 3 inch length. For the curve 
labelled "magnitude-, the vertical axis is the ratio of the 
magnitudes of the received and transmitted signals and 
extends from a value of unity at the top of the scale and 
falls in 0.1 unitless increments, while the horizontal axis 
is frequency and extends from 1 kHz on the left to 10 
MHz on the right. For the curve labelled -phase', the 
vertical axis is the difference between the phase angles 
of the received and transmitted signals and extends 
from a value of 0° at the top of the scale and falls in 20'» 
increments. The graph of FIG. 2 clearly indicates that 
there virtually is no loss of RF power through the silicon 
slab out to 2 MHz and that there is relatively little loss 
above 2 MHz. Thus, the silicon ceiling 110 is nearly 
transparent to the RF induction field. 

The Silicon Ceiling Poses a Low Impedance to tha RF 
Induction Field Over A Wide Temperature Range 

55 The tests described above with reference to FIGS. 
2 and 3 were repeated at silicon temperatures of 200" 
and 250" and similar results were obtained, demonstrat- 
ing that the temperature of the silicon ceiling 110 may 
be varied over a wide range to adjust the polymerization 
and fluorine scavenging processes as desired. Howev- 
er, at temperatures well above 300»C the silicon ceiling 
110 becomes intrinsic and therefore cuts off the RF in- 
duction field of the overhead coil antenna 145 from 
reaching the chamber 100. It is preferable to employ a 
high resistivity silicon (e.g.. 30 n-cm at room tempera- 
ture) in the ceiling 110. Othenvise, using, for example. 
0.01 Q-cm resistivity silicon in the ceiling 110 would re- 
quire reducing the frequency of the RF induction field to 
the kHz range or below in order to couple through the 
^0 silicon ceiling. Another option is to reduce the ceiling 
thickness. 
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The Silicon Ceiling Adds Virtually No Losses in the 
Return Path of the Bias RF Power Source 



That the RF power loss occasioned by insertion of 
the silicon ceiling 110 in the RF return path for the bias 
power generator 1 30 is low may be seen by computing 
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greater than the slab thickness and assuming the pres- 
ence of a perfect conductor ground plane on the back 
of the silicon slab. This resistance is shown to be far less 5 
than the measured driving point RF impedance at the 
wafer pedestal 120, so that the insertion of the silicon 
ceiling causes only a fractional increase in the overall 
bias RF power loss. 

The resistance of the silicon slab to a current 10 
flux normal to the surface is computed as follows: 

R,^, = rt(d/2)-V 

15 

where: 

t = 0.0254 m is the slab thickness, 
d = 0.318 m is the slab effective diameter exposed 
to the current flux, and 20 
r = 0.30 i^-m is the resistivity of the 30 Q-cm resis- 
tivity silicon at room temperature. 

Substituting the foregoing values into the equation 
for Rgiaj, yields for the slab resistance: 2S 

R3^= 0.096 Q. 

The driving point impedance 2 at the wafer pedestal 3o 
120 has been measured in typical parallel electrode 
plasma reactor of the type illustrated in FIG. 1 (with a 
2.0 MHz plasma power source RF induction field from 
a coil antenna and an applied RF bias on the pedestal 
of 1 .8 MHz) as 38.7 Q at an angle of 50. 1'. The real part 55 
of this driving point impedance is: 

Re(Z) = 38.7 Q cos(50.r (IBO/tt)) = 24 Q. 

40 

The fractional increase in RF power loss occa- 
sioned by the insertion of the silicon ceiling is: 

R5^j,/Re(z) = 0.096/24 = 0.004, ^ 

which is a very small fraction. Thus, the insertion of a 
silicon slab into the RF return path of the RF bias power 
generator 130 adds only a negligible amount of resist- 
ance, so 

The Plasma DC Sheath Thickness is Sufficiently Short 
to Avoid Shorting Between the Celling and the Wafer 

There is a sheath at the edge of the plasma across ss 
which the ion density falls from the plasma ion density 
value to zero. If the sheath at the wafer surface meets 
the sheath at the chamber ceiling, there is no plasma in 



ness, s. IS computeo as Toiiows: 

s = (2% [(eo-T J /(e.n,)]*^(2.Von-J^. 

where: 

Eo = 8.85*10"'''^ farads/cm is the electrical permittlv- 
fty of fre space, 

T, = 5 eV is the mean electron temperature assum- 
ing a Maxwellian distribution, 
e = 1.6022- 10-1 9 coulombs is the electron charge, 
n^ = 5-10''i cm-3 is the average electron density In 
the bulk plasma adjacent the sheath, and 
Vq = 300 Volts is the DC voltage across the plasma 
sheath. 

Substituting the foregoing values into the equation 
for s yields: 

s - 0.04 cm, 

so that the plasma sheath thickness is only a small frac- 
tion of the wafer-to-cei!ing distance and therefore there 
is no risk of the lop and bottom sheaths intersecting. 

There is a wide range of resistivity values for a 
semiconductor window electrode through which RF 
power may be coupled with low attenuation losses: 

In order to ascertain a range of resistivity values of 
a semiconductor window through which an inductive RF 
field is to be coupled or transmitted with low attenuation 
losses, a thickness of the window must be selected, the 
frequency of the RF inductive field must be selected and 
a minimum ratio r of RF skin depth to window thickness 
must be specified. In a first example, the window thick- 
ness is T = 0.0254 meter, the RF frequency f is 2-1 0® 
s'"" and the minimum ratio of RF skin depth to window 
thickness is r = 5. For this first example, the minimum 
resistivity for the semiconductor window is calculated 
assuming: 

li = 47t-10-7 Henries/meter is the magnetic permea- 
bility of the semiconductor window, 
S = r • T is the skin depth of the RF induction field 
in the semiconductor window. The minimum resis- 
tivity r^jn is then computed by the following equa- 
tion: 



Substituting the values given above into this equa- 
tion, the minimum resistivity for this first example is: 
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Next, the maximum resistivity must be computed for 
this first example. For purposes of the following analy- 5 
sis, it will be assumed that there is a ground plane trans- 
missive to the RF induction field behind the semicon- 
ductor window. The real part of the RF bias plasma load 
impedance must be defined, the acceptable loss L must 
be defined and the effective plasma interaction diameter 
d of the semiconductor window must be defined. In this 
first example, the real part R of the RF bias plasma im- 
pedance is: 

R = 

the acceptable loss (normalized at 100% = 1) is 
L = 0.01, 

the effective plasma interaction diameter of the semi- 
conductor window is 

d = 0.318, from which the effective plasma interac- 
tion area A is computed as A = tc (d/2)2. 

The maximum resjstivity r^ax is given by the follow- 
ing equation: 



Substituting the foregoing values into this equation 
yields: 

r„„=7B.172£2-cm. 

Therefore, in this first example, the resistivity of the 
semiconductor may lie anywhere within the range be- 
tween 12.735 n-cm and 78.172 O-cm. 

In a second example, the semiconductor window 
thickness is reduced by a factor of ten so that T = 
0.00254 meters. In this case, r^jj, is reduced to 0.127 
Q-cm, while Fmax increases to 781.719 O-cm. 

In a third example, the parameters of the second 
example are repeated except that the frequency of the 
RF induction field is reduced to 1 00 kHz (f = 0. M 0^ s-^ ). 
In this case, r^i^ is reduced to 0.006 Q-cm. while r^g^ 
is unchanged (from the second example) at 781 ,719 Cl- 
em. 

In a fourth example, the parameters of the first ex- 
ample are adopted except that the frequency of the RF 
induction field is increased to 10 f^Hz (f = 10-106 s-i). 
in this case. r„,jn is increased to 63.675 Q-cm, while 
r^ajj is decreased to 78.172 n-cm. thus narrowing the 
range somewhat relative to the other examples. 

Thus, the useful range of resistivity values is broad. 



then the pr f rred resistivity is 30 Q-cm. . 

While the silicon ceiling 110 is grounded in the pre- 
ferred embodiment of FIG. 1 , In the embodiment FIG. 4 
power from the RF generator 130 is split by a power 
splitter 160 between the pedestal 120 and the silicon 
ceiling 11 0. In order to provide a ground return path, the 
side wall 105 may be a grounded conductor In FIG.' 5, 
the silicon ceiling 110 is driven independently from the 
wafer pedestal 120 by a separate RF power generator 
165 through a conventfonal impedance match circuit 
170. While the embodiment of FIG. 1 employs a single 
coil as the inductor antenna 145, in the embodiment of 
FIG. 6 the inductor antenna 145 is comprised of plural 
(in this case, two) independently driven coils, namely an 
inner coil 175 overlying the wafer center and an outer 
coil 180 overlying the wafer periphery. In the implemen- 
tation of FIG. 6, the inner and outer coils 175, 180 are 
planar concentric coils driven by separate plasma 
source power generators 185, 190. The advantage is 
that plasma variations along the radius of the chamber 
100 can be compensated by selecting different power 
levels from the two RF generators 1 85, 1 90, In a proto- 
type of the embodiment of FIG. 6, the inner and outer 
coils consisted of nine turns each. A fixed impedance 
match was realized using parallel and series capacitors 
195, 200 connected to the input and return ends, re- 
spectively, of the inner coil 175 and parallel and series 
capacitors 205, 210 connected to the input and return 
ends, respectively, of the outer coil 180. In a working 
example, the plasma source RF power generator 155 
produced 2600 Watts at 2.0 MHz, the bias RF power 
generator 130 produced 1600 Watts at 1,8 MHz, CgF^ 
gas was pumped into the chamber 100 at a rate of 30 
seem with 100 cc of Argon, the chamber pressure was 
maintained at 6.5 mTorr and the temperature of the sil- 
icon ceiling 110 was maintained at 200" C. Under these 
conditions, the parallel and series capacitors 195, 200 
of the inner coil t75 had capacitances of 8.19699 nano- 
Farads and 2.12631 nanoFarads, respectively, while 
the parallel and series capacitors 205, 210 of the outer 
coil 180 had capacitances of 4.45572 nanoFarads and 
1.09085 nanoFarads, respectively. By shorting one of 
the inner and outer coils 175, 180, the input impedance 
of the other could be measured. Indeed, with the fore- 
going capacitances being selected, the complex imped- 
ance of the inner coil 175 was measured as 5in at a 
complex plane angle of -12* and the complex imped- 
ance of the outer coil 180 was measured as 51 .80 at a 
complex plane angle of -8.6". Thus, their impedance 
nearly matched the standard 50Q output of the RF gen- 

• erators 1 85 and 1 90. — " ^ 

^ — rrr^e-embCKdinn[enrorFtG^ side wall 105 is 
replaced by a silicon side wall 215 and inductive cou- 
pling is provided by a coil inductor 220 wound around 
the exterior of the silicon side wail 215 and connected 
to the plasma source power generator 150' through the 
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FIG. 8 illustrates that the power splitter 160 may split RF 
power from the bias generator 1 30 between the. pedes- 
tal 120 and the silicon side wall 215. As in the embodi- s 
ment of FIG. 5, FIG, 9 Shows how the silicon side wal! 
215 may be independently powered by the separated. 
RF generator 165 through the match circuit 170. FIG. 

1 0 shows how the silicon ceiling 110 and overhead coil 
antenna 145 of FIG. 1 may be combined with the silicon 
side wall 215 and side coil antenna 220 of FIG. 7. FIG. 

1 1 illustrates how the power splitter 160 of FIG. 6 may 
be employed in the embodiment of FIG. 1 0 to split power 
from the bias generator 130 between the side wall 215 
and the pedestal 120. FIG. 12 illustrates the combina- 
tion of the embodiment of FIG. 9 with the overhead coil 
antenna 145 and silicon ceiling 110 of FIG. 1. 

FIGS. 13A» 13B, 13C and 13D illustrate modifica- 
tions of the embodiments of FIGS. 1 , 4» 5 and 6, respec- 
tively, In which the planar silicon ceiling 110 and planar 20 
inductive coil antenna 145 have been replaced by a 
dome-shaped silicon ceiling 230 and a dome-shaped 
coil antenna 235, respectively. In one implementation, 
the dome-shaped coil antenna 235 is wound in a helix. 
FIG. 14 illustrates an embodiment in which the dome- 25 
shaped coii antenna 235 extends from near the top of 
the dome-shaped ceiling 230 and past the bottom of the 
dome-shaped ceiling 230 to wind around the side wall 
105. tn this case, at least that portion of the side wall 
1 05 surrounded by the bottom portion of the coil antenna 30 
235 would have to be a non-conductor such as quartz 
or a semiconductor such as silicon. FIG. 15 illustrates 
an embodiment corresponding to that of FIG. 10 in 
which the flat silicon ceiling 11 0 and the flat coil antenna 
1 45 are replaced by the dome-shaped silicon ceiling 230 os 
and the dome-shaped coii antenna 235 of FIG. 13A. 

FIG. 16 Illustrates how a power splitter 250 can be 
employed to split power from the plasma source RF 
power generator 1 50 between the inner and outer coil 
antennas 175, 180 overlying the silicon ceiling 110 of 
FIG. 6. An RF power splitter is disclosed in U.S. Patent 
No. 5,349,313 to Collins et al. As disclosed in the co- 
pending Collins et al. patent application incorporated by 
reference above, a controller 260 can vary the power 
ratio between the inner and outer coil antennas 175, 180 ^ 
to compensate for any difference between the plasma 
ion densities over the wafer center and the plasma ion 
density over the wafer periphery, FIG. 17A illustrates an 
embodiment corresponding to that of FIG. 15 in which 
the power splitter 250 splits RF power from the plasma so 
source power generator 150 between the side coil 220 
and the dome-shaped overhead coil 235. FIG. 17B il- 
lustrates an embodiment with the dome-shaped silicon 
ceiling 230 having an inner (upper) dome-shaped coil 
270 and an outer (lower) dome-shaped coil 280. The ^5 
power splitter 250 splits RF power from the plasma 
source power generator 1 50 between the inner and out- 
er dome-shaped coils 270. 280. The silicon ceiling 230 



neciec in accordance witn any one 01 me emooaimenis 
of FIGS. 1 3A, 1 3B or 1 3C. FIG. 1 8 shows how the power 
splitter 250 can split power from the plasma source RF 
power generator 150 between the overhead coil anten- 
na 145 and the side coil antenna 220 of FIG. 10. 

FIG. 19 illustrates how the power splitter 250 can 
split power from the plasma source RF generator 150 
between the overhead coil antenna 145 and the silicon 
ceiling 1 1 0. In the embodiment of FIG. 1 9, the wafer ped- 
estal 120 can either be grounded are connected to the 
bias RF power generator 130 through the impedance 
match circuit 1 35. FIG. 20 illustrates howthe power split- 
ter 250 can split power from the RF generator 150 be- 
tween the overhead coil antenna 145 and the wafer ped- 
estal 120. In the embodiment of FIG. 20, the silicon ceil- 
ing 110 can either be grounded or can be connected to 
the separate RF power generator 1 65 through the match 
circuit 170. FIG. 21 is an embodiment corresponding to 
that of FIG. 19 but employing the dome-shaped silicon 
ceiling 230 and the dome-shaped coil antenna 235 in 
lieu of the flat silicon ceiling 110 and the planar coii an- 
tenna 145 of FIG. 19. FIG. 22 is an embodiment corre- 
sponding to that of FIG. 20 but employing the dome- 
shaped silicon ceiling 230 and the dome-shaped coil an- 
tenna 235 in lieu of the flat silicon ceiling 110 and the 
planar coil antenna 145 of FIG. 20. 

FIG. 23 illustrates an embodiment in which the sili- 
con ceiling 110 and the wafer pedestal 1 20 are each the 
RF ground return for the other. The ceiling and pedestal 
110, 120 are driven through respective impedance 
match circuits 280, 290 by respective independent RF 
power generators 300, 305 of respective RF frequen^ 
cies f^ and f2 through respective RF isolation fitters 310, 
315 and are each connected to ground through respec- 
tive ground RF filters 320, 325. The isolation filters 310, 
315 prevent the RF energy from either one of the RF 
power generators 300, 305 from reaching the other. The 
ground RF filters 320, 325 permit each one of the ceiling 
and pedestal 110, 1 20 to return to ground the RF power 
radiated across the chamber 100 by the other. At the 
same time, the ground RF filters 320, 325 prevent the 
RF power applied to either one of the ceiling and ped- 
estal 110, 120 from being shorted directly to ground. 
Specifically the isolation filter 310 connected between 
the silicon ceiling 110 and the RF power generator 300 
of frequency f-, passes RF power at the frequency f, and 
blocks RF power at the frequency f2. The isolation filter 
315 connected between the wafer pedestal 1 20 and the 
RF power generator 305 of frequency fg passes RF pow- 
er at the frequency f2 and blocks RF power at the fre- 
quency fv The ground filter 320 connected between the 
silicon ceiling 110 and ground passes RF power at the 
frequency fg and blocks RF power at the frequency f^. 
The ground fitter 325 connected between the wafer ped- 
estal 1 20 and ground passes RF power at the frequency 
fi and blocks RF power at the frequency 

The impedance match circuits 280, 290 are of the 
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ploy voiiage ana current sensors or impeoance matcn 
transducers (not shown) in the conventional manner to 
measure actual input impedance. In order to prevent the 
RF power from either one of the two RF generators 300, s 
305 from interfering with the operation of the impedance 
match circuit of the other, respective match isolation fil- 
ters 330, 335 are connected between the impedance 
match transducers and the transducer inputs to the im- 
pedance match circuits 280, 290, respectively. The 
match isolation filter 330 at the input to the f, match cir- 
cuit 280 passes RF power at the frequency f^ and blocks 
RF power at the frequency fg. The match isolation filter 
335 at the input to the f2 match circuit 290 passes RF 
power at the frequency f2 and blocks RF power at the is 
frequency f^. 

The various RF filters 310, 315, 320, 325, 330, 335 
may be constructed of passive reactive components 
{capacitors and inductors) using techniques weil-known 
in the art. If the two frequencies f,. fg are widely sepa- 20 
rated (e.g.. by an octave), then the various RF filters 
310, 315, 320. 325, 330. 335 can be suitable high-pass 
and low-pass filters with the suitably selected cut-off fre- 
quencies. Otherwise, if the two frequencies f^, f2are not 
sufficiently separated, then the various RF filters 310, 2S 
315, 320, 325, 330, 335 should be bandpass or band 
reject filters centered at the appropriate frequencies. 

FIG. 24 illustrates an embodiment corresponding to 
that of FIG. 23 but employing the dome-shaped silicon 
ceiling 230 and dome-shaped coil antenna 235 of FIG. 30 
13A in lieu of the flat silicon ceiling 110 and planar coil 
antenna 145 of FIG. 23. 

FIG. 25A illustrates the use of a conductive back- 
plane 400 on the upper side or back surface of the silicon 
ceiling 110. The electrical potential {e.g., ground or, al- 3S 
tematively, the output of an RF generator) to be applied 
to the silicon ceiling 110 is applied directly to the con- 
ductive backplane 400 for uniform distribution across 
the back surface of the ceiling 110. The backplane 400 
may be of any highly conductive material such as aiu- 40 
minum or copper, for example. Moreover, the backplane 
400 must have sufficient openings or apertures to pre- 
vent the formation of eddy currents by the inductive RF 
field of the overhead coil antenna 1 45 which would block 
transmission of the RF inductive field through the back- 
plane 400. For example, the top view of FIG. 258 illus- 
trates that the conductive backplane 400 may be in the 
shape of a star, with plural conductive amis 405 extend- 
ing radially from a conductive center 410. Preferably, the 
spaces or apertures 415 between the conductive arms so 
405 are of a characteristic width on the order of the thick- 
ness of the silicon ceiling 110. This feature provides uni- 
form current distribution and vertical current flow 
through the silicon ceiling 110. The center connected 
arms of the embodiment of FIG. 25B may be preferable ss 
in the case of silicon laminated on ceramic for ease of 
fabrication. FIG. 25C illustrates an alternative embodi- 
ment of the conductive backplane 400 which consists of 



arms 425 extending from the conductive annulus 420 
radially inwardly toward an imaginary center point 430. 
The apertures 435 between the conductive arms 425 
are of a characteristic width on the order of the thickness 
of the silicon ceiling 110, as shown in FIG. 25C. Prefer- 
ably, electrical contact is made along the entire annulus 
420. Preferably, the outer conductive annulus 420 is be- 
yond the effective radial range of the RF Inductive field. 

Preferably, the silicon c iling is about 1 inch (2.54 
cm) thick for a 13 inch (32 cm) diameter ceiling to pro- 
vide structural integrity and an anti-implosion safety fac- 
tor in excess of 10. However, to significantly reduce the 
thickness of the silicon ceiling (e.g., to a fraction of an 
inch),FIG. 26 illustrates how the silicon ceiling 110 and 
its backplane 400 may be bonded to a strong support 
substrate 500 such as a ceramic disk. The overhead in- 
ductive coil antenna holder 1 47 is placed over the sub- 
strate 500. In order to control the temperature of the sil- 
icon ceiling 110, a heater layer 510 is placed on top of 
the antenna holder 1 47 and a cooling plate 520 is placed 
on top of the heater layer 510. FIG. 27 illustrates how 
the role of the substrate 500 and the role of the antenna 
holder 1 47 may be merged into a single member by em- 
ploying a strong material such as a ceramic in the an- 
tenna holder 1 47 and bonding the silicon ceiling 1 1 0 with 
its conductive backplane 400 directly to the antenna 
holder 147, 

FIG. 28 illustrates an embodiment of the invention 
employing an alternative antenna holder 1 47' consisting 
of a conductor such as aluminum or copper, for exam- 
pie. In this embodiment, an insulating material 146 is 
provided between the windings of the inductive coil an- 
tenna 145 and the conductive antenna holder 147'. In 
order to prevent the conductive antenna holder 147* 
from blocking the RF inductive field of the coil antenna 
1 45, each turn of the antenna 1 45 nests within a groove- 
shaped aperture 550 in the antenna holder 147', each 
aperture 550 opening to the bottom surface 1 47a of the 
conductive antenna holder 147*. The conductive anten- 
na holder 147* of FIG. 28 may also serve as the conduc- 
tive backplane for the silicon ceiling 110 as well as the 
strong supportive substrate for the ceiling 110, in which 
case the silicon ceiling 1 1 0 is bonded directly to the con- 
ductive antenna holder 147' of FIG. 28. However, a pref- 
erable option is to interpose the star-shaped conductive 
backplane 400 between the silicon ceiling 110 and the 
conductive backplane 147' of FIG. 28. FIG. 29 illustrates 
another embodiment of the conductive antenna holder 
147' having a pair of wide concentric annular apertures 
560. 565 in which respective ones of the inner and outer 
coil antennas 175, 180 of FIGS. 6 or 16 nest. The an- 
nular apertures 560, 565 open at the bottom surface 
1 47a of the antenna holder so that there is no blockage 
of the RF induction field. In this embodiment, as FIG. 
28, the conductive antenna holder can also serve as the 
conductive backplane for the silicon antenna (in lieu of 
the star-shaped conductive backplane 400) and as the 
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lieu of the supportive substrate 500) and therefore may 
bonded directly to the silicon ceiling 110. Preferably, 
however, the star-shaped conductive backplane is inter- 
posed between the conductive antenna holder 1 47' and s 
the silicon ceiling 1 1 0 and is bonded with the silicon ceil- 
ing 110 to the antenna holder 147'. 

The overhead coil antenna 1 45 has been described 
above as consisting of a single concentric spiral winding 
orof inner and outer concentric spiral windings 175, 180. io 
FIGS. 30A, 30Band 30C illustrate an alternative design 
of the overhead coil antenna 145 having non-concentric 
windings. Specifically, in FIG. 30A there is an outer cir- 
cular conductor 600 which is of very low inductance and 
low resistance so as to be at least nearly equipotential 
along its entire circumference. Plural spiral conductors 
610 radiate inwardly in involute paths from the outer 
conductor 600 to a center point 620 joining ail of the spi- 
ral conductors 610. Plasma source RF power (from the 
RF generator 1 50) is applied between the outer conduc- 20 
tor 600 and the center point 620. As illustrated in FIG. 
30B. the involute spiral conductors 610 lie in a plane, 
while FIG. 30C illustrates an alternative embodiment for 
use with the dome-shaped ceiling 230 in which the in- 
volute spiral conductors 610 form a dome. A dome 2S 
shape, such as the dome shapes employed in the vari- 
ous embodiments disclosed in this specification may be 
non-linear or hemispherical or conical or a rotation of 
some arcuate curve such as a conical section or the 
combination of two different radii (as disclosed earlier in 30 
this specification). 

FIGS. 31 A, 31 Band 31 C Illustrate another non-con- 
centric embodiment of the overhead coil antenna. FIG. 
31 B corresponds to the planar case while FIG. 31 C cor- 
responds to the dome-shaped case. An outer circular 3$ 
conductor 700 has plural arcuate conductive arms 710 
radiating inwardly therefrom terminating at ends 71 5A, 
71 5B, 71 SC. A center point 720 has plural arcuate con- 
ductive arms 730 radiating outwardly therefrom and ter- 
minating at ends 740A. 740B, 740C. As employed in the ^0 
embodiment of FIG. 16, RF power from one output of 
the power splitter 250 of FIG, 1 6 is applied between the 
outer circular conductor 700 and the ends 715. while RF 
power from the other output of the power splitter 250 is 
applied between the center point 720 and the ends 740. ^5 

The conductor of the inductive antenna may follow 
any suitable three-dimensional path. For example. FIG. 
32 illustrates a non-planar or 3-dimensional embodi- 
ment of the coil antenna 1 45 consisting of dual concen- 
tric cylindrical helical windings, namely an outer cylin- so 
drical helix 800 and an inner cylindrical helix 810 all 
formed with the same conductor FIG. 33 illustrates how 
a pair of dual concentric cylindrical helical windings of 
the type illustrated in FIG. 32, namely an inner dual con- 
centric cylindrical helical winding 820 and an outer dual 5s 
concentric cylindrical helical winding 830 can be em- 
ployed as the inner and outer windings of the overhead 
inductive antenna in the embodiment of FIG. 16, in lieu 
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FIG. 34 illustrates another non-planar embodiment 
of the inductive antenna 145 of FIG. 1 consisting of 
stacked layers 840a, 840b, 840c of spiral windings 850. 

As mentioned previously herein, one factor that can 
give rise to plasma etch processing differences between 
the wafer center and the wafer periphery non-unrform 
etch precursor gas distribution. Such non-uniformity in 
gas distribution arises from the introduction of the gas 
from the side of wafer pedestal through the gas inlets 
137, so that there is relatively more etchant precursor 
gas near the wafer periphery and relatively less etchant 
precursor gas near the wafer center. This problem is ad- 
dressed in the embodiment of the silicon ceiling 110 of 
FIGS. 35A, 35B, 35C, 35D and 35E. which includes a 
center gas feed system built into the silicon ceiling 110 
for introducing the etch precursor gas directly over the 
wafer in a symmetrical manner relative to the wafer cent- 
er. 

Referring to FIG. 35D, the 1 -inch thick silicon ceiling 
110 has an approximately 0.33-inch deep 3.5-inch di- 
ameter counterbored opening 900 in its top surface. 
Preferably, as shown in FIG. 35E, about twenty-two 
symmetrically placed 0.20-inch diameter holes 910 are 
drilled down from the top surface of the counterbore 
opening 900 through about 80% of the thickness of the 
ceiling 110. Small 0.030-inch diameter holes 920 con- 
centric with the larger holes 910 are laser-drilled from 
the bottom surface of the silicon ceiling 110. As shown 
in FIGS. 35A and 358. a disk-shaped gas feed top 930 
fits snugly within the counterbore opening 900 in the top 
surface of the silicon ceiling 110. The bottom surface of 
the gas feed top 930 has an approximately 0.01 -inch 
deep 3.3-inch diameter counterbore opening 940 there- 
in which fomns a gas distribution manifold. A center gas 
feed pipe 950 passes through the center of the gas feed 
top 930 and opens into the counteriDore opening 940. 
The bottom peripheral corner of the gas feed top has a 
step 960 cut out therein, the step 960 being 0.143-inch 
deep and extending 0.075-inch radially inwardly. The 
step 960 creates a circumferential pocket into which an 
annular teflon seal 970 having dimensions matching 
those of the step 960 snugly fits. Preferably, the teflon 
seal 970 has a U-shaped cross-section, as illustrated in 
FIG. 35C. An annular steel wire stiffener 975 within the 
teflon seal 970 provides stiffness for the seal 970. 

The center gas feed silicon ceiling of FIGS. 35A-E 
can be employed as the silicon ceiling 110 in the em- 
bodiment of FIG. 16 in combination with the independ- 
ently adjustable inner and outer inductive coil antennas 
175, 180 controlled through the power splitter 250 by 
the electrical controller 260, The advantage is that the 
reactor's center-to-edge etch uniformity is enhanced by 
the uniform etchant precursor gas distribution across 
the wafer surface achieved with the center gas feed sil- 
icon ceiling 110 of FIGS. 35A-E, and any residual cent- 
er-to-edge etch non -uniformity can be precisely com- 
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260, the r lative proportion of power levels applied to 
the inner and outer coil antennas 1 75. 1 80 in the manner 
disclosed in the co-pending application of Collins et al. 
referred to above. As a result, the wafer center-to-edge 
etch uniformity is optimized to a degree not attainable 
in the prior art without sacrificing etch profile, etch se- 
lectivity and etch rate at very small feature sizes. 

FIG. 36A illustrates another preferred embodiment 
of the center gas feed silicon ceiling which better pro- 
tects the gas feed top from the plasma. In this embodi- 
ment, a shoulder 980 is provided along the circumfer- 
ential edge of the counterbore opening 900 in the silicon 
ceiling 110. A silicon wafer 985 rests on the shoulder 
980 and separates into two separate chambers the 
counterbore opening 900 in the top of the silicon ceiling 
110 and the counterbore opening 940 in the bottom of 
the gas feed top 930. The silicon wafer 985 has plural 
gas feed holes 986 drilled therethrough which are all lat- 
erally displaced from the gas feed holes 910 in the sili- 
con ceiling 110. The interposition of the silicon wafer 985 
in this manner eliminates any direct-line path to the gas 
feed top 930 for plasma ions diffusing upwardly from the 
chamber through the holes 920. This feature better pro- 
tects the top 930 from attack by the plasma. The top 930 
is either a material such as a semiconductor or a dielec- 
tric which does not appreciably attenuate the RF induc- 
tive field, or, if its diameter is less than the diameter of 
the center null of the inductive antenna, may be a con- 
ductor such as stainless steel. 

In the embodiments of FIGS. 35A-E and 36A. the 
gas feed holes 910, 920 are grouped about the center 
of the ceiling 110. However, in either embodiment the 
holes 910, 920 may be distributed from the center out 
to the periphery, if desired, or may be grouped about the 
periphery instead of the center. This is illustrated in FIG. 
368, in which the gas feed holes 910. 920 are distributed 
about the periphery of the ceiling 110. 

FIG. 37A illustrates a modification applicable to any 
of the embodiments employing a flat silicon ceiling 110. 
such as. for example, the embodiment of FIG, 1. in 
which an insulated grounded Faraday shield 990 is in- 
terposed between the overhead inductive antenna 145 
and the silicon ceiling 110. The Faraday shield is of the 
conventional type whose shape is best shown in the top 
view of FIG. 37B and is used to reduce capacitive cou- 
pling from the inductive antenna 1 45 to the plasma. FIG. 
38A illustrates a modification applicable to any of the 
embodiments employing a dome-shaped silicon ceiling 
230, such as, for example, the embodiment of FIG. 1 3A, 
in which an insulated grounded Faraday shield 990 is 
interposed between the overhead inductive antenna 
145 and the silicon ceiling 230. FIG, 388 illustrates an 
embodiment corresponding to the embodiments of 
FIGS. 7-9 having a cylindrical side semiconductor win- 
dow electrode 215 and a cylindrical side inductive an- 
tenna 220. with the additional feature of a cylindrical Far- 
aday shield 990' interposed between the inductive an- 



lectrode 215. 

FIG. 39A Is a proportional drawing illustrating a pre- 
ferred arrangement of the elements described previous- 
^ fy herein in a plasma etch reactor. FIG. 398 Is a cross- 
se-ction of a tube-shaped conductor employed in imple- 
menting the overhead inductive antenna, the interior 
volume of th tube being used to pump a coolant such 
as water. 

^0 Each of the foregoing embodiments has been de- 
scribed as employing an electrical connection of the 
semiconductor window to an electrical potential such as 
_ an RF power source or ground, thereby employing the 
semiconductor window as an electrode. However, such 
'5 an electrical connection and the use of the semiconduc- 
tor window as an electrode is not necessary. In fact, the 
semiconductor window may be allowed to float electri- 
cally and left unconnected, rather than being employed 
as an electrode. It would nevertheless provide certain 
20 advantages even though not necessarily functioning as 
an electrode. One advantage is that the semiconductor 
material (e.g., silicon) of the semiconductor window is 
less liable to be a source of contamination, in compari- 
son with other materials (e.g.. quartz or aluminum) typ- 
25 ically employed in or near the ceiling of a typical plasma 
reactor. Another advantage is that the semiconductor 
window is a scavenger for fluorine. Thus, the semicon- 
ductor window can function simultaneously both as a 
shield for the inductive antenna and as a scavenger for 
^0 fluorine. 

Any of the embodiments described above may be 
modified by placing both the semiconductor window 
electrode and its overlying coil inductor inside the cham- 
ber. In this modification, the semiconductor window 
35 electrode is not part of the chamber enclosure but rather 
rests under the ceiling of the enclosure. For a planar 
semiconductor window electrode of the type employed 
in the embodiments of FIGS. 1 , 4-T2, 1 6. 1 8-20, 23 and 
37 A. FIG. 40 illustrates the planar semiconductor win- 
40 dow electrode 1 1 0 and the planar inductive antenna 1 45 
inside the chamber 100 under and separate from a 
chamber ceiling 106. For a cun/ed or dome-shaped 
semiconductor window electrode of the type employed 
in the embodiments of FIGS. 1 3A-1 5, 17A, 178, 21 , 22 
45 24 and 38, FIG. 41 illustrates the dome-shaped semi^ 
conductor window electrode 230 and the conformal in- 
ductive antenna 235 inside the chamber 100 under the 
chamber ceiling 106. For a cylindrical semiconductor 
window as employed in the embodiments of FIGS. 7-9. 
50 FIG. 41 8 illustrates a cylindrical semiconductor window 
230' and cylindrical inductive- antenna 235' inside the 
chamber 100. 

While the semiconductor window of each of the 
foregoing embodiments has been illustrated as a mon- 
55 oiithic structure, in accordance with one modification the 
semiconductor window may be segmented into plural 
members. Specifically, in FIGS. 42 and 43 the planar 
semiconductor window 110' {corresponding to the pla- 
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4U. vor example) is comprised of a center disk 110a and 
a peripheral annulus 11 Ob surrounding and concentric 
with the disk 110a. Preferably, the disk 110a and annulus 
110b are of the same semiconductor material such as 
silicon or any one of the other exemplary semiconductor 
materials suggested above. In one embodiment, the rel- 
ative center-to-edge etch performance Is adjusted by 
applying different levels of RF power to the annulus 1 1 0a 
and disk 110b as desired. This is best accomplished by 
employing a single RF source 1 50 feeding an RF power 
splitter 1 60 having respective RF power outputs applied 
to the disk 1 1 0a and annulus 1 1 0b. This requires a third 
terminal (e.g., a grounded electrode) such as conduc- 
tive side wall connected to RF ground {not shown in FIG. 
42). If, for example, the etch rate near the center of the 
wafer were greater than at that near wafer periphery, the 
RF power splitter 160 could be adjusted to apply more 
RF power to the center disk 110a and relatively less to 
the peripheral annulus 110b of the semiconductor win- 
dow. Moreover, for even greater control over the center- 
to-edge etch performance, the split inner and outer in- 
ductive antenna sections of FIGS. 6. 13D, 16 or 178 
may be combined with the split semiconductor window 
electrodes 110a. 110b. Specifically. FIG. 42 illustrates 
the inner and outer inductive antennas 1 75. 1 80 of Fl G. 
1 6 combined with the inner disk 1 1 0a and outer annulus 
1 10b of the semiconductor window electrode. As in FIG. 
16, the power splitter 250 has separate RF power out- 
puts connected to respective ones of the inner and outer 
inductive antennas 175, 180. 

FIG. 44 illustrates an embodiment corresponding to 
FIG. 42 in which the split semiconductor window elec- 
trode is arcuate or dome-shaped. In FIG. 44, the semi- 
conductor window electrode center disk 110a corre- 
sponds to the center portion of a dome while the semi- 
conductor window electrode peripheral annulus 110b 
corresponds to the outer portion of a dome and a con- 
tiguous cylinder at the circumferential base of the dome. 
FIG, 45 illustrates a modification of the embodiment of 
FIG. 44 in which the cun/ature of the dome nearly dis- 
appears so that the center disk 110a is virtually planar 
while the annulus 110b is virtually a cylindrical side wall. 

While the third terminal requisite for the RF power 
splitting of FIGS. 42-45 has been described as a ground- 
ed side wail, in accordance with another modification the 
third terminal may be the semiconductor window periph- 
eral annulus 110b while the RF power is split between 
the semiconductor window center disk 110a and some 
other entity such as the wafer pedestal 120. FIGS. 46 
and 47 illustrate how this latter modification changes the 
embodiments of FIGS. 42 and 44, respectively. Such a 
modification carried out on the embodiment of FIG. 45 
results in an embodiment corresponding to that of FIG. 
138. In the embodiments of FIGS. 46 and 47. the RF 
power splitter 250 has one of its RF power outputs con- 
nected to the semiconductor window center disk 110a 
and its other output connected to the wafer pedestal 
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fus 110b is ground d. 

The effective plasma interaction area of the semi- 
conductor window may be changed to change the ratio 
of the effective plasma interaction areas of the semicon- 
ductor window and the wafer/wafer pedestal. There are 
three regimes for this area ratio: 

(1) Symmetrical: the effective plasma interaction ar- 
eas are about the same (the area ratio being about 
1), so that both the wafer and the semiconductor 
window electrode have the same plasma RF current 
density and the same RF and DC sheath voltage 
magnitudes; 

(2) Not fully assymetrical: the area ratio lies in a 
range from 1 to a factor between 2 and 4. so that 
the current density and RF and DC sheath voltage 
magnitudes at the smaller area electrode are great- 
er than at the larger area electrode and change sig- 
nrficantly with further increases in the area ratio; 

(3) Fully assymetrical: the area ratio exceeds a fac- 
tor between 2 and 4 and the current density and RF 
and DC sheath voltage magnitudes do not change 
significantly with further increases in the area ratio, 
a saturation condition having been reached. 



In the last case (i.e., case 3), the greater sheath volt- 
age drop and RF current density appears at either the 
semiconductor window electrode or the wafer/wafer 
30 pedestal, whichever one has the smaller effective plas- 
ma Interaction area. Raising the RF current density and 
sheath voltage drop in this manner has the same effect 
as raising the RF bias applied to one element (semicon- 
ductor window or wafer/pedestal) whose interaction ar- 
3S ea was reduced. As for the semiconductor window, such 
an change affects the rate of sputtering of scavenger 
material into the plasma and affects the rate of polym- 
erization on the surface of the semiconductor electrode. 
As for the wafer/pedestal, such a change affects 
^0 processing parameters normally affected by changes in 
applied bias RF power such as etch rate, etch profile 
and etch selectivity, for example. 

The same principles apply when adjusting the ratio 
of effective plasma interaction areas in reactors having 
45 more than two electrodes. For example, in the embodi- 
ment of FIGS. 23 and 24, there are. in effect, four elec- 
trodes reduced to two by using electrodes which drive 
at one frequency and ground at another. Each pair of 
drive/ground electrodes is analyzed separately, with the 
50 change area ratio having the same effects as outlined 
in the previous paragraph. As another example, in em- 
bodiments such as FIG. 4-12 in which a third electrode 
such as the cylindrical side wall is connected to a po- 
tential such as ground or another RF source, the same 
55 analysis applies, except that the apportionment of the 
ground return current between the grounded electrode 
(e.g.. the cylindrical side wall) and the other terminal 
connected to an RF power source is determined by dy- 
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teraction area ratio. In order to maintain a constant pre- 
delernnined phase difference between the two RF-driv- 
en electrodes, the invention disclosed in U.S. Patent No. s 
5,349,313 by Kenneth S. Collins et al. may be em- 
ployed. 

The ability to establish a desired phase relationship 
between a pair ot RF-driven elements (electrodes or In- 
ductive antennas) may be employed to apportion RF 10 
power thereto. For example, in the embodiments such 
as FIGS. 16, 17 A, 17B and 18 employing segmented 
inductive antenna portions, power apportionment as be- 
tween the two segmented antenna portions is described 
above as being accomplished by varying the magni- 
tudes of the RF voltages applied to the respective an- 
tenna portions. However, power apportionment may al- 
so be changed by changing the phase angle between 
the RF voltages applied to the different antenna por- 
tions. Likewise, in the embodiments such as FIGS. 20 
42-47 employing segmented semiconductor window 
portions, power apportionment as between the two seg- 
mented semiconductor window portions is described 
above as being accomplished by varying the magni- 
tudes of the RF voltages applied to the respective sem- 25 
iconductor window portions. However, power apportion- 
ment may also be changed by changing the phase angle 
between the RF voltages applied to the different semi- 
conductor window portions. 

FIG. 48A illustrates a plasma reactor much like the 30 
embodiment of FIG. 1 except that the concept of an 
overhead semiconductor window electrode is expanded 
to a semiconductor skirt 1010 extending vertically down- 
ward from a disk-shaped semiconductor ceiling 1020, 
the skirt 1 01 0 and ceiling 1 020 being insulated from one 3S 
another by a dielectric insulating ring 1022 and consti- 
tuting an all-semiconductor enclosure confining plasma 
within a processing region 1 035 of the reactor chamber. 
Like the embodiment of FIG. 1 , a coil inductor 1 040 over- 
lies the semiconductor ceiling 1020. The skirt 1010 can 40 
be cylindrical. An optional annular semiconductor foot 
1011 integrally formed with the skirt 1010 can extend 
radially inwardly from the bottom of the cylindrical skirt 
1010. A collar 1050 extends from near the radially in- 
ward edge of the foot 1 01 1 to near a wafer pedestal 1 060 45 
supporting a wafer 1 065 being processed, leaving a me- 
andering high aspect ratio gap 1051 therebetween. In a 
preferred implementation, the wafer pedestal 1060 
comprises an electrostatic chuck. One purpose of the 
collar 1050 is to confine plasma escaping around the so 
pedestal 1060 from the processing region 1035 to the 
pumping annulus 1070 to the narrow (high aspect ratio) 
gap or passageway 1051 , so that the escaping ions re- 
combine at the wall surfaces along the passageway be- 
fore reaching the pumping annulus 1070. Another fea- ss 
ture is that the collar 1 050 provides an overlapping baffle 
structure so that the gap 1051 provides a meandering 
path and plasma ions escaping to the pumping annulus 



ions inside the gap 1051. 

A pumping annulus 1070 is coupled to the process- 
ing region 1035 through a wafer slit valve 1075 and is 
evacuated by a pump 1080. In order to reduce or pre- 
V nt plasma leakage through the slit valve 1075, the slit 
valve 1075 has as high an aspect ratio as possible to 
provide the narrowest possible opening, in order to en- 
hance recombination of plasma ions on the interior sur- 
face of the slit valve 1075. In the preferred embodiment 
of FIG. 48A, the semiconductor enclosure 1030 is the 
vacuum boundary of the chamber. Alternatively, such a 
semiconductor enclosure may be provided within a me- 
tallic vacuum enclosure so that the semiconductor en- 
closure itself is not the vacuum boundary. This latter al- 
ternative may be useful in embodiments of the invention 
implemented by retro-fitting existing prior art reactor 
chambers. 

There are several advantages provided by the all- 
semiconductor processing chamber enclosure of FIG. 
48A. One advantage is that the all-semiconductor sur- 
faces enclosing the processing region 1035 need not be 
passivated by accumulated polymer but instead may b 
left bare during plasma processing. This is because in- 
teraction between the plasma and the semiconductor 
surfaces does not produce by-products harmful to the 
plasma processing of the wafer. Instead, by-products 
produced by interaction of the plasma with the semicon- 
ductor surfaces enclosing the processing region 1035 
tend to be volatile and are readily pumped away by the 
pump 1080. Since there is no need to passivate the sur- 
faces enclosing the processing region 1035, there is no 
need to interrupt reactor operation to clean these sur- 
faces, a significant advantage. 

There are two ways to prevent accumulation of pol- 
ymer on the surfaces enclosing the processing region 
1035. One is to maintain these surfaces above the pol- 
ymer condensation temperature. For this purpose, the 
ceiling 1020 and skirt 1010 are formed of a relatively 
highly thermally conductive material such as a semicon- 
ductor. Alternatively, the material need not be a semi- 
conductor but may be a dielectric such as silicon nitride, 
aluminum nitride, quartz or alumina, tor example. In the 
preferred embodiment employing a semiconductor ma- 
terial, this material is silicon, although other semicon- 
ductor materials such as silicon carbide may be em- 
ployed, Silicon is preferred for plasma processes involv- 
ing silicon chemistry (such as silicon dioxide etch, for 
example). This is because the silicon window 1030 etch- 
es very slowly in such processes relative to the etch 
rates on the wafer (about 3 A silicon etched from the 
silicon enclosure surface for every 1 p. of silicon dioxide 
etched from the wafer). Thus, about 35,000 wafers may 
be processed before a significant amount of material (e. 
g., 1 mm) is etched from the silicon enclosure 1030. The 
permissible loss due to etching of thickness of the sem- 
iconductor enclosure 1030 is limited by to factors: (a) 
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preciably changes RF coupling from the coil antenna in- 
to the chamber. It is believed that a less than 10% 
change in thickness will not produce an appreciable 
change in RF coupling sufficient to affect processing of 
the wafer if the guidelines for semiconductor material 
selection given above in this specification are followed. 

For aluminum or polysilicon plasma etch process- 
es, which involve chlorine chemistry, the silicon walls 
may etch too fast (depending upon how the basic plas- 
ma processing parameters are controlled) and therefore 
silicon or semiconductor materials are not optimum for 
such applications. However, a semiconductor material 
is not necessary in carrying out the invention (unless an 
electrical or RF potential is to be applied thereto), and 
any suitable durable non-semiconductor such as silicon 
nitride may be employed for the process region enclo- 
sure 1030. 

In order to maintain the temperature of the semicon- 
ductor ceiling 1020 at a selected temperature (e.g.. for 
preventing polymer deposition), a temperature control 
system employing either direct thermal contact or indi- 
rect thermal contact may be employed. In the drawing, 
a temperature control system employing indirect ther- 
mal contact is illustrated and includes a heater layer 
1 1 10 on top of an insulating layer 11 12 enclosing the coil 
inductor 1040 over the ceiling 1020 and a cold plate 
1120 over the heater layer 1110 and separated there- 
from by a themial resistance air gap 1114. The heater 
layer 1110 contains a conventional electrical heating el- 
ement (not shown in the drawing of FIG. 48 A), while the 
cold plate 1120 has intemal water cooling jackets 1122. 
The amount of cooling provided by the cold plate 1120 
is more than sufficient to offset any plasma heating of 
the ceiling 1 020 while the amount of heat that the heater 
layer 1 1 1 0 is capable of providing is more than sufficient 
to offset the cooling from the cold plate 1 1 20. A conven- 
tional temperature sensor/controller (not shown in the 
drawing of FIG. 48A) governs- the amount of current 
flow in the resistive heating element of the heater layer 
1110. 

In order to maintain the temperature of the semicon- 
ductor skirt 101 Oat a selected temperature (e.g.. for pre- 
venting polymer deposition), a temperature control sys- 
tem employing either direct thermal contact or indirect 
thennal contact may be employed. In the drawing, a 
temperature control system employing direct thermal 
contact is illustrated and includes a heater ring ill OA 
surrounding and contacting the skirt 1010 through an 
optional insulating layer 1112A which is not necessarily 
required. A cold ring 1120a contacts the skirt 1010. An 
optional insulating layer may be placed between the 
cold ring 1120a and the skirt 1010. The heater ring 
111 OA contains a conventional electrical heating ele- 
ment 1 1 1 0B. while the cold ring 1 1 20A has intemal water 
cooling jackets 1 1 22A. The amount of cooling provided 
by the cold ring 1120A is more than sufficient to offset 



or neat that the heater ring 11 1 0A is capable of providing 
is more than sufficient to offset the cooling from the cold 
ring 1 1 20A. A conventional temperature sensor/control- 
^ ler (not shown in the drawing of FIG. 48A) governs the 
amount of current flow in the resistive h ating element 
of the heater ring 111 OA. 

The second way of preventing polymer deposition 
on surfaces enclosing the processing region 1035 is to 
^0 apply an RF potential to these surfaces of sufficient 
strength to enhance ion bombardment of these surfaces 
by ions from the plasma. The ion bombardment power 
must be sufficient to remove polymer from the surfaces 
faster than It is deposited. For this purpose, the disk- 
^5 shaped ceiling 1020 and the cylindrical skirt 1010 must 
be sufficiently conductive to act as electrodes for the ap- 
plied RF power. The ceiling 1020 and the skirt 1010 are 
preferably semiconductors. However, they preferably 
should not be metallic because metal exposed to the 
20 plasma in the processing region 1035 furnishes by- 
products which contaminate the chamber and wafer. 
Another reason that semiconductor material is preferred 
over conductive (metallic) material for the ceiling 1020 
and skirt 1010 is that conductive material in the ceiling 
25 1020 would prevent transmission through the ceiling 
1020 of RF plasma source power from the coil inductor 
1040. 

In a preferred embodiment, the two ways of pre- 
venting polymer deposition (temperature control and a 
30 sputter-promoting applied RF potential on the window 
electrode) are combined. Application of an RF potential 
to the semiconductor enclosure 1030 which promotes 
ion bombardment or sputtering of the surface advanta- 
geously reduces the surface temperature necessary to 
3S prevent polymer accumulation on the surface. For ex- 
ample, the temperature may be reduced from about 
265*C typically required in the prior art to prevent poly- 
mer accumulation to about lOO'^C at a sufficiently high 
bias voltage, so that the invention allows the reactor to 
^0 run cooler while still preventing polymer accumulation 
on surfaces within the processing region 1035. Con- 
versely, raising of the surface temperature of the semi- 
conductor enclosure 1030 advantageously reduces the 
ion bombardment power or sputtering necessary to pre- 
45 vent polymer accumulation on the surface. In one ex- 
ample, the RF power applied to the semiconductor ceil- 
ing 1 020 was 500 Watts at 0, 1 MHz. bias power applied 
to the wafer pedestal 1060 was 1400 Watts at 1 .8 MHz, 
source power applied tothe coil antenna 1040 was 3000 
so Watts at 2.0 MHz while the temperature of the semicon- 
ductor enclosure 10X was held at 200**C. While an in- 
ductive antenna in the form of a coil antenna 1040 was 
employed in carrying out this exemplary embodiment of 
the invention, other antenna types may be employed. 
55 and the invention is not'confined to the use of coil an- 
tennas. 

As described above, plasma leakage at the wafer 
pedestal 1060 is prevented by providing, with the collar 
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high aspect-ratio opening tor the same purpose. Such 
high aspect ratio openings include not only the side wall- 
pedestal gap overlaid by the collar 1 050 but other types s 
of passages as well such as process gas injection ori- 
fices, which naturally block leakage of plasma ions. 
However, the slit valve 1075 is necessarily large enough 
to accommodate the semiconductor wafer 1065 and 
therefore is more susceptible to plasma ion leakage io 
therethrough. In order to prevent leakage of the plasma 
from the processing<rfegiQQ-1-Q35 through large aper- 
tures such as the ^yalve 1g7^. anjzptipnai featucg of 
the invention includes piasir^ confine^ JTi.agn etg 
' ^sucn asThe magnet rings^TSS T ^ 35 "'p^ ^5 
^boundariesjDUhe^sliJ^vah^ to eMabljgb^siagQgtic 
Jlux lines across the slit valve opening. Plasma ions, 
electrons or charged particles, upon approaching the slit 
valve 1075, experience an acceleration normal to the 
magnetic flux lines and normal to their velocity so that 20 
they are diverted from a path through the slit valve 1075 
and instead Impact the side wall of the slit valve so as 
to be eliminated by recombination before reaching the 
pumping annulus 1070. This reduces the probability of 
ion passage through the slit valve 1075, depending up- 25 
on the magnetic flux density of the magnets 21 30, 21 35, 
the charge on the ions and particles^ their mass and ve- 
locity. Using plural magnets has the advantage of max- 
imizing magnetic flux across the aperture while minimiz- 
ing magnetic flux penetration into the chamber toward 30 
the wafer 1065. Preferably, the magnets 21 30, 21 35 are 
sufficiently strong to affect the heavier ions of the plas- 
ma. For example, the magnets should produce a mag- 
netic flux density across the aperture on the order of 
about 50 Gauss or more, depending upon electron en- 3S 
ergy in the plasma, plasma ion energy* plasma reactor 
chamber pressure and other plasma processing param- 
eters. For example, a magnetic flux density between 
1 00 Gauss and 200 Gauss across the aperture reduced 
ion saturation current at a location 2 cm beyond the 40 
magnets by about 75% over a reactor chamber pressure 
range between 5 mT and 100 mT, an electron density 
range between 1 and 5X10^'' electrons per cubic cen- 
timeter. The magnets are preferably cooled to 100*0, 
or at least weil-below their Curie temperature and are ^5 
shielded from the plasma ions by, for example, encap- 
sulation in a durable material (such as silicon nitride). 
Alternative arrangements of the magnets 2130, 2135 
will be described below in this specification. 

The magnets 2130, 2135 do not prevent charge- so 
neutral radicals and particles, including charge-neutral 
polymer-forming particles, from passing through the slit 
valve 1075. Thus, polymer may accumulate in the 
pumping annulus 1070. In order to capture and control 
such polymers in the pumping annulus 1 070, the interior ss 
surfaces of the pumping annulus 1070 are maintained 
at a temperature well-below the polymer condensation 
temperature in order to deposit onto the interior surfaces 



I riai escaping through the siit vaive iu/b. Preferably, 
the pumping annulus 1070 is covered with a removable 
cold liner 2150 such as aluminum, anodized aluminum 
or plasma-sprayed silicon on aluminum, thermally cou- 
pled to a cold sink 2155. The advantage of this feature 
is that polymer accumulated on the cold liner 2150 of 
the pumping annulus 1 070 remains undisturbed by plas- 
ma bns, is not subject to plasma heating and is not liable 
to be sputtered off to become a diffuse contaminant in 
the chamber 1030. Therefore, the polymer may be al- 
lowed to accumulate to a great thickness on the cold 
liner 2150 before creating any risk of contamination of 
the chamber. As a result, the cold liner 2150 need not 
be periodically cleaned or replaced except at the most 
remote intervals, a significant advantage. The cold liner 
2150 may not be required since the polymer deposition 
rate is so low that polymer accumulated in the pumping 
annulus surfaces may not need to be removed more of- 
ten than 30,000 to 40,000 wafers processed in the 
chamber. 

In order to prevent accumulation of polymer on the 
surfaces of the collar 1050, the temperature of collar 
1050 is held at a selected temperature well above the 
polymer condensation temperature by a conventional 
temperature control system including a heat sink 2170 
and cold sink 21 75 thermally coupled to the collar 1 050. 

In accordance with another feature of the invention, 
center and edge gas injection ports 2200, 2210 in the 
center and edge portions of the ceiling 1 020, respective- 
ly, receive plasma precursor gases from independent 
gas supplies 2220, 2225. With this feature, the gas flow 
rates and gas mixtures at the wafer center and wafer 
periphery nriay be adjusted independently to precisely 
compensate for wafer center-to-edge processing non- 
uniformities. Thus, for example, the gas supply 2220 
may furnish one plasma precursor gas mixture at one 
flow rate overthe wafer center while the gas supply 2225 
may furnish another plasma precursor gas mixture at 
another flow rate over the wafer periphery. While the 
drawing shows the gas supply 2220 coupled to a single 
gas inlet 2200 over the wafer center, multiple gas inlets 
overlying the wafer center or a showerhead configura- 
tion may be employed to control the gas flow over the 
wafer center. While the drawing shows the gas supply 
2225 coupled to multiple gas inlets 2210 extending ra- 
dially through the side wall or skirt 1010 toward the wafer 
edge, the gas supply 2225 may be coupled instead to 
gas inlets extending toward the wafer edge either down- 
wardly through the ceiling 1020 or upwardly through the 
collar 1050 to control gas flow over the wafer edge. 

Plasma source RF power is applied to the coil in- 
ductor 1040 across the coil terminals 2310, 2320. Bias 
RF power is applied to the wafer pedestal 1060 through 
the pedestal terminal 2330. RF power or a ground po- 
tential is applied to the semiconductor enclosure elec- 
trode 1030 (including the disk ceiling 1020 and cylindri- 
cal skirt 1010) through the t rminai 2340. Various ways 
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dow enclosure 1030, the induction coii 1040 and wafer 
pedestal 1060 (as shown, for example, in FIG. 1, 5, 19 
. or 23), or splitting RF power thereto from common RF s 
power supplies (as shown, for example, in FIG. 4. 18, 
19 or 20). any one of which may be applied to the em- 
bodiment of FIG. 48A. Moreover, various induction coil 
geometries are disclosed above in this specification (as 
shown, for example, in FIG. 30A. 30B, 30C, 31 A, 31 B, 
31 C, 32, 33 or 34), any one of which may be employed 
in carrying out the embodiment of FIG. 48A. 

TTius. the embodiment of FIG. 48A has three inde- 
pendent electrodes, namely (a) the wafer pedestal 160, 
(b) the semiconductor ceiling 1020 and (c) the semicon- is 
ductor skirt 1010. Each one of these three "electrodes' 
can be larger or smaller in effective area than the other 
two, depending upon the desired interaction between 
the particular 'electrode' and the plasma. By such an 
increase or decrease in effective area of one the three 20 
"electrodes" relative to the other two, plasma ion flux 
and energy at the one electrode may be apportioned rel- 
ative to the other electrodes. Specifically, a decrease in 
an electrode's effective area relative to the other elec- 
trodes increases the plasma ion flux and energy at the 2S 
,one electrode. This provides another way to control the 
interaction between the one electrode and the plasma 
and can be used, for example, to alleviate RF bias power 
requirements or temperature requirements in achieving 
a desired electrode-plasma interaction. As one example 
of a desired electrode-plasma interaction, in one mode 
of the present invention it is preferable to prevent dep- 
osition of materials onto the semiconductor enclosure 
interior surfaces, including the two semiconductor elec- 
trodes (i.e. , the skirt 1 01 0 and the ceiling 1 020). By thus 3S 
maintaining the semiconductor electrode free of depos- 
ited contaminants (e.g., polymer precursors), wafer con- 
tamination due to flaking off of deposited materials from 
the electrode is prevented while at the same time the 
electrode is left uncovered to enable it to continue par- -^o 
ticipating favorably in the plasma process chemistry. For 
example, the electrode may be a silicon-containing ma- 
terial and the plasma process may be a silicon oxide 
etch process employing a fluorine-containing process 
gas, in which case the electrode provides sputtered sil- 45 
icon material into the plasma to scavenge fluorine. In 
any case, alleviation RF bias power requirements or 
electrode temperature requirements may be accom- 
plished by adjusting any one. or some, or all of the fol- 
lowing three parameters at the one "electrode": (a) RF so 
bias power applied to the one electrode, (b) temperature 
of the one electrode, and (c) effective area of the one 
electrode relative to the other electrodes' effective are- 
as. Thus, if it is desired to minimize the temperature of 
one of the electrodes and to minimize the RF bias power ss 
applied to the one electrode while nevertheless prevent- 
ing deposition of materials (such as polymer precursors) 
on the one electrode, then the electrode's effective area 



01 101 at uia utid oiuutiuuo ad lu U(jiii|jtj| i&kiiu lUi a 

reduced electrode temperature and electrode RF bias 
power. In this manner, the selection of effective elec- 
trode area can alleviate RF bias pow r and temperature 
requirements in attaining a desired interaction between 
the electrode and the plasma. 

In the embodiment of FIG. 48A, the coil inductor 
1 040 may be divided into electrically separate inner and 
outer coil inductors. For example, such inner and outer 
coil inductors are illustrated in Fl G. 52 as inner and outer 
coil inductors 241 0 and 2420. Various ways of separate- 
ly driving such inner. and outer coil inductors in combi- 
nation with a semiconductor window enclosure are dis- 
closed above in this specification (as shown, for exam- 
ple, in FIG. 6. 16), any one of which may be employed 
in carrying out the embodiment of FIG. 48A. In a special 
case in which the wafer-to-ceiling distance is small, one 
advantage of separately controlling the outer antenna 
coil 2420 is that the plasma density over the wafer cent- 
er, which is lower than that at the wafer periphery due 
to the small wafer-to-ceiling distance, may be enhanced 
relative to that at the wafer periphery by decreasing the 
RF plasma source power applied to the outer coil induc- 
tor 2420 relative to that applied to the inner coil inductor 
2410. 

While the embodiment of FIG, 43A exhausts the 
processing region 1 035 laterally to the pumping annulus 
1070, the embodiment of FIG. 488 exhausts downward- 
ly parallel to the axis of the cylindrical skirt 1010 to the 
pump 1080. Optional magnet rings 2130a. 2135a block 
downward leakage of plasma from the processing re- 
gion 1035 to the pumping annulus. In the embodiment 
of FIG. 48A, in order to further block plasma leakage the 
aperture 1075 has a relatively high aspect ratio, so that 
leaking plasma ions or electrons tend to collide and be 
absorbed on the interior surfaces of the aperture 1075 
before completing their passage therethrough. Another 
feature that reduces plasma leakage is the meandering 
path through the opening 1051 between the collar 1050 
and the bottom of the skirt 1 010. As shown in the draw- 
ing, the collar 1 050 and the bottom of the skirt 1010 have 
confonming overlapping step shapes -in the manner of 
overlapping baffles- which constrain any plasma pass- 
ing therebetween to follow a meandering path through 
the gap 1051, thereby increasing the incidence of plas- 
ma collision with the surfaces thereof. 

In FIG. 48A, the cylindrical skirt 1010 is electrically 
separated from the disk ceiling 1020 that each may be 
connected to independent RF power sources through 
terminals 2340 and 2340a respectively This permits the 
plasma conditions near the wafer periphery to be con- 
trolled by the separate RF potential applied to the ter- 
minal 2340a on the cylindrical skirt 1010 independently 
of the RF potential applied to the terminal 2340 of the 
disk ceiling 1020 which tends to affect plasma condi- 
tions near the wafer center. Various ways of controlling 
the RF potential on two electrical separate sections of 
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FIG. 42. 46. 1 0, 1 1 on 2). any one of which may b em- 
ployed in carrying out the embodiment of FIG. 48A. 

Since the skirt 1010. the ceiling 1020 and the water 5 
pedestal 1060 are susceptible of being used as inde- 
pendent electrodes, any one of them may be electrically 
grounded relative to the others, while the ungrounded 
ones may be driven with the same or different power 
sources. For example, as illustrated in FIG. 4aC, a first io 
RF power source 301 0 of frequency f^ is coupled to the 
semiconductor ceiling electrode 1 020, while filters 3020 
and 3030 prevent coupling of RF power at frequencies 
^2 and f3 back to an RF impedance match circuit 3035. 
A second RF power source 3040 of frequency f2 is cou- 
pied to the semiconductor ceiling skirt 1010, while filters 
3050 and 3060 prevent coupling of RF power at frequen- 
cies f^ and f3 back to an RF impedance match circuit 
3065. A third RF power source 3070 of frequency fs is 
coupled to the wafer pedestal 1060. while filters 3080 20 
and 3090 prevent coupling of RF power at frequencies 
f^ and f2 back to an impedance match circuit 3095. The 
embodiment of FIG. 480 may be modified as desired by 
grounding any one of the three elements 1020, 1010 or 
1060, 25 

Forming the semiconductor enclosure 1 030 as two 
separate silicon pieces 1010, 1020 provides an addi- 
tional advantage of ease of fabrication, and is therefore 
preferable. 

FIG. 49 illustrates an embodiment corresponding to 30 
that of FIG. 48A except that the skirt 1010 and ceiling 
1 020 are not electrically insulated from one another and 
may even be formed as a single integral monolithic sil- 
icon piece. 

FIG. 50 Illustrates how the disk-shaped semicon- 3S 
ductor ceiling 1020 may be divided into an inner center 
disk portion 1020a and a peripheral annular portion 
1020b from which the cylindrical skirt 1010 extends 
downwardly. As in the embodiment of FIG. 49. the plas- 
ma conditions at the wafer center and wafer edge may 40 
be controlled independently by separate RF bias signals 
applied to the separate terminals 2340 and 2340a, re- 
spectively Any one of the various ways disclosed above 
for controlling separate sections of the semiconductor 
window enclosure 1 030 referred to above with reference 
to the embodiment of FIG. 48A may be employed in car- 
rying out the embodiment of FIG. 50. 

FIG. 51 illustrates how the semiconductor window 
enclosure 1030 may be divided into three electrically 
separate portions, including (1) an inner disk portion so 
1020a of the ceiling 1020, (2) an outer annular portion 
1020b of the ceiling 1020 and (3) the skirt 1010 sepa- 
rated from the annular portion 1020b, Three separate 
RF signals may be applied to the three portions through 
the terminal 2340 to the inner disk portion 1020a, ss 
through the lemninal 2340a to the skirt 1 01 0 and through 
the terminal 2340b to the outer annular portion 1020b. 

FiG. 52 Illustrates how the embodiment of FIG. 50 



ma conditions at over the wafer center and the wafer 
edge. Terminals 2430, 2435 and 2440, 2445 to the inner 
and outer induction coils 2410, 2420, respectively may 
be driven by separate RF power supplies or by splitting 
RF power from a common supply. Various ways of pow- 
ering such inner and outer induction coils 2410, 2420 in 
combination with separately driven portions of the sem- 
iconductor window enclosure 1030 are disclosed above 
in this specification (as shown, for example, in FIG. 42, 
43 or 46), any one of which may be employed in carrying 
out the embodiment of FIG. 52. 

FIG. 53 illustrates how the embodiment of FIG. 51 
may be combined with the separate inner and outer coil 
inductors 2410, 2420. 

FIG. 54 illustrates how the embodiment of FIG. 48A 
may be combined with a cylindrical side coil 261 0 wound 
around the semiconductor skirt 101 0, in a manner anal- 
ogous to that of the embodiment of FIG. 10. Plasma RF 
source power is applied to the side coil 2610 through 
terminals 2620, 2630. Preferably, the top coil 1040 and 
the side coil 2610 are separated by a distance equal to 
at least about twice the skin depth of the RF field in the 
plasma. 

Optionally, the coil inductor 1040 overlying the ceil- 
ing 1020 may be eliminated in favor of the side coil 261 0, 
in analogy with the embodiments of FIGS. 7. 8 and 9. In 
such a case only the skirt 1010 is required to be a sem- 
iconductor material providing a cylindrical semiconduc- 
tor window enclosure 1030, while the ceiling 1020 may 
be an insulator (such as silicon nitride, for example). Any 
one of the techniques of FIGS. 7, 8 or 9 for separately 
applying RF power to the cylindrical semiconductor win- 
dow enclosure, the side coil and the wafer pedestal may 
be employed in carrying out the embodiment of FIG. 54. 

FIG. 55 illustrates how the embodiment of FIG. 48 A 
whose semiconductor window enclosure 1030 is divid- 
ed into a ceiling 1 020 and a skirt 1010, may be combined 
with the cylindrical side coil 261 0 wound around the skirt 
1010. Any one of the ways illustrated in FIGS. 10. 11 
. and 1 2 of applying RF power to the separate ceiling sec- 
tions and top and side coil inductors may be employed 
in carrying out the embodiment of FIG. 55. 

FIG. 56 illustrates how the embodiment of FIG. 50, 
whose semiconductor window enclosure 1030 is divid- 
ed into an inner disk portion 1 020a and an outer annulus 
portion 1020b with the skirt 1010 may be combined with 
the side coil 2610 wound around the skirt 1010. Any one 
of the ways illustrated in FIGS. 10 J 1 and 12 of applying 
RF power to the separate celling sections and top and 
side coil inductors may be employed in carrying out the 
embodiment of f IG. 56. 

FIG. 57 illustrates how the embodiment of FIG. 51, 
whose semiconductor window enclosure 1030 is divid- 
ed into an inner disk portion 1020a, an outer annulus 
portion 1020b and the skirt 1010, may be combined with 
the side coil 2610 wound around the skirt 1010. 



^3 



shape. Preferably, the dome shape is a multi-radius 
dome shape in which the radius of the dome Increases 
from edge to center. Preferably, but not necessarily, the s 
ceiling coil inductor 1040 Is congruent with the dome 
shape of the ceiling 1020. Similarly FIG. 59 illustrates 
how the ceiling 1 020 of the embodiment of FIG. 49 may 
be modified to have a dome shape. Likewise, FIG. 60 
illustrates how the ceiling 1020 of the embodiment of 
FIG. 50 may be modified to have a dome shape, FIG. 

61 illustrates how the ceiling 1020 of the embodiment of 
FIG. 51 may be modified to have a dome shape, FIG. 

62 illustrates how the ceiling 1020 of the embodiment of 
FIG. 52 may be modified to have a dome shape, FIG. 

63 illustrates how the ceiling 1020 of the embodiment of 
FIG. 53 may be modified to have a dome shape, FIG. 

64 illustrates how the ceiling 1020 of the embodiment of 
FIG. 54 may be modified to have a dome shape, FIG. 

65 illustrates how the ceiling 1 020 of the embodiment of 
FIG. 55 may be modified to have a dome shape, FIG. 

66 illustrates how the ceiling 1020 of the embodiment of 
FIG. 56 may be modified to have a dome shape, and 
FIG. 67 illustrates how the ceiling 1020 of the embodi- 
ment of FIG. 57 may be modified to have a dome shape. 
FIG. 68A illustrates a cross-sectional view of a first em- 
bodiment of the magnetic confinement feature referred 
to previously in connection with the opposing magnet 
rings 2130, 2135 of RG. 48A. In FIG. 68A, the magnet 
rings have poles which are oriented end-to-end with op- 
posing poles facing one another. In FIG. 68B, the op- 
posing magnet poles are oriented side-to-side in oppos- 
ing directions so that opposite pair of poles are in juxta- 
posed alignment. In FIG. 68C, the opposing magnet 
poles are oriented along diagonal acute angles relative 
to the direction of displacement between the two magnet 
rings 2030, 2035. 

FIGS. 68D and 68E correspond to FIGS. 68B and 68C, 
respectively, except that like magnetic poles are juxta- 
posed rather than opposing magnetic poles. Other ar- 
rangements which provide the requisite diversion of ions 
from a straight path through the slit valve 1075 or other 
large opening may be provided in carrying out the in- 
vention. 

While the embodiments of FIGS. 48A-6BC have 
been described with reference to a ceiling and skirt of 
different shapes (i.e., either disk and cylinder or disk and 
dome, respectively), they may be of the same shape or 
different shapes formed by rotation of curves, including 
hemispherical, multi-radius dome, cylindrical, conical, 
truncated conical or the like. 

While the foregoing description has made reference 
to a rotationally symmetric inductive antenna, such an 
antenna is not required in carrying out the invention, and 
the antenna may be of any other form capable of induc- 
tively coupling RF power into the chamber. Thus, the 
inductive antenna, as this term is employed in this spec- 
ification and in the claims appended hereto, is any cur- 



fore need not be a coil and moreover need not be locat- 
ed adjacent the reactor chamber ceiling, but could be 
adjacent any other suitable location, such as the cham- 
ber side walL In fact, an inductive antenna can be dis- 
pensed with entirely, as in the embodiment of FIG. 69. 
FIG. 69 corresponds to the embodiment of FIG. 48A in 
which the inductive antenna 1 040 has been eliminated. 
Instead. RF power is capacitively coupled to the plasma 
from, for example, the pair of electrodes comprising the 
semiconductor ceiling 1020 and the wafer pedestal 
1060. 

FIG. 70 illustrates how the ceiling 1020 of the em- 
bodiment of FIG. 48A may be modified to have a hem- 
ispherical shape. The hemispherical shape is a single 
radius dome shape in which the radius of the dome is 
the same from edge to center. Preferably, but not nec- 
essarily, the ceiling coil inductor 1040 is conformal with 
the hemispherical shape of the ceiling 1020. Similarly, 
FIG. 71 illustrates how the ceiling 1020 of the embodi- 
ment of FIG. 49 may be modified to have a hemispher- 
ical shape. Likewise, FIG. 72 illustrates how the ceiling 
1020 of the embodiment of FIG. 50 may be modified to 
have a hemispherical shape, FIG, 73 illustrates how the 
ceiling 1020 of the embodiment of FIG. 51 may be mod- 
ified to have a hemispherical shape, FIG. 74 illustrates 
how the ceiling 1020 of the embodiment of FIG. 52 may 
be modified to have a hemispherical shape, FIG. 75 il- 
lustrates how the ceiling 1020 of the embodiment ot FIG. 
53 may be modified to have a hemispherical shape, FIG. 
76 illustrates how the ceiling 1 020 of the embodiment of 
FIG. 54 may be modified to have a hemispherical shape, 
FIG. 77 illustrates how the ceiling 1020 of the embodi- 
ment of FIG. 55 may be modified to have a hemispher- 
ical shape, FIG. 78 illustrates how the ceiling 1020 of 
the embodiment of FIG. 56 may be modified to have a 
hemispherical shape, and FIG. 79 illustrates how the 
ceiling 1020 of the embodiment of FIG. 57 may be mod- 
ified to have a hemispherical shape. 

While the description has made reference to plas- 
ma confinement magnets which are pemnanent mag- 
nets, electromagnets may be employed as the plasma 
confinement magnets. 

While the embodiments of FIGS. 48A-79 have been 
described with reference to a plasma etch reactor, the 
invention may also be employed in a plasma deposition 
reactor, such as a chemical vapor deposition (CVD) 
plasma reactor. In this case, the process may be carried 
out in such a manner that deposition occurs not only on 
the wafer but also on the chamber walls. Alternatively 
the walls may be biased with sufficient RF power so that 
no deposition accumu lates on the chamber interior walls 
even while material is being deposited on the wafer. This 
provides a great advantage particularly with, for exam- 
ple, a silicon oxide CVD plasma reactor. This is be- 
cause, without the present invention, the interior walls 
of such a reactor must be periodically cleaned. Such a 
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eicnes very slowly, even In a fluorine-containing clean- 
ing gas. unless the surfac temperature is well-above 
the chemical etch threshold temperature. 

Alternatively, the invention can function as a post- 
processing self-cleaning CVD reactor chamber by intro- 
ducing a cleaning gas (e.g., a fluorine^ontaining gas) 
into the chamber, applying RF power to each semicon- 
ductor enclosure element and suitably adjusting the 
temperature thereof. In such an alfemative embodi- 
ment, during CVD processing of a production wafer the 
reactor could be operated in the manner of a conven- 
tional CVD reactor without utilizing any features of the 
present invention. Thereafter, a cleaning operation is 
performed employed all the features of the present in- 
vention. During such a cleaning operation, the rate at 
which deposited contaminants of the interior surfaces of 
the semiconductor enclosure are etch away is en- 
hanced, without necessarily having to raise the surface 
temperature, by applying RF bias powerto the semicon- 
ductor enclosure, in accordance with the present inven- 
tion. 

The shape of the semiconductor enclosure may be 
varied by the skilled worker to meet unique require- 
ments of a particular application. For example in the 
embodiments of FIGS. 4aA and 486. the silicon skirt 
1010 has an L-shaped cross-section (formed by the 
semiconductor cylindrical portion of the skirt 1010 and 
the semiconductor annularfoot 1 011 ) to increase the ra- 
dial distance from the wafer periphery to the vertical sur- 
face of the skirt 1010. while in the embodiments of the 
other drawings the interior surface of the skirt 1010 is 
completely straight and is therefore closer to the wafer 
penphery. Such variations in the shape of the semicon- 
ductor skirt 1010 may be carried out in any one of the 
illustrated embodiments. 



Multiple Radial Temneratiirp Zones and Mnn.rnof oi 

Coil: • 

FIG. 80 illustrates a plasma reactor having a dome- 
shaped or hemispherical semiconductor window elec- 
trode ceiling with plural radially grouped temperature 
controlled zones, plural radially symmetrical inductive 
coils, the inductive coils being non-conformal with the 
ceiling shape. In FIG. 80. the cylindrical chamber 3340 
consists of a cylindrical side wall 3350 and a dome or 
hemispherical ceiling 3352 integrally formed with the 
side wall 3350 so that the side wail 3350 and ceiling 
3352 constitute a single piece of material, such as sili- 
con. However, the invention may be carried out with the 
side wall 3350 and celling 3352 formed as separate 
pieces, as will be described later in this specification 
Generally, the vertical pitch of the solenoid 3342 (i e 
its vertical height divided by its horizontal width) ex- 
ceeds the vertical pitch of the ceiling 3352. The purpose 
for this, at least in the preferred embodiment, is to con- 
centrate the induction of the antenna near the antenna 



of the ceiling is referred to herein as a non-conformal 
solenoid, meaning that, in general, its shape does not 
conform with the shape of the ceiling, and more specif- 
ically that its vertical pitch exceeds the vertical pitch of 
the ceiling. A 2-dimensk)nal or flat ceiling has a vertical 
pilch of zero, while a 3-dimensional ceiling has a non- 
zero vertcal pitch. 

A p destal 3354 at the bottom of the chamber 3340 
'0 supports a planar workpiece 3356 in a workplace sup- 
port plane during processing. The workpiece 3356 is 
typically a semiconductor wafer and the workpiece sup- 
port plane is generally the plane of the wafer or work- 
piece 3356. The chamber 3340 is evacuated by a pump 
'5 (not shown in the drawing) through an annular passage 
3358 to a pumping annulus 3360 surrounding the lower 
portion of the chamber 3340. The interior of the pumping 
annulus may be lined with a replaceable metal liner 
3360a. The annular passage 3358 is defined by the bot- 
20 tom edge 3350a of the cylindrical side wall 3350 and a 
planar ring 3362 surrounding the pedestal 3354 Proc- 
ess gas is fumished into the chamber 3340 through any 
one or all of a variety of gas feeds. In order to control 
process gas flow near the workpiece center, a center 
25 gas feed 3364a can extend downwardly through the 
center of the ceiling 3352 toward the center of the work- 
piece 3356 (or the center of the workpiece support 
plane). In order to control gas flow near the workpiece 
periphery (or near the periphery of the workpiece sup- 
30 port plane), plural radial gas feeds 3364b. which can be 
controlled independently of the center gas feed 3364a 
extend radially inwardly from the side wall 3350 toward 
the workpiece peripheiy (or toward the workpiece sup- 
port plane periphery), or base axial gas feeds 3364c ex- 
35 tend upwardly from near the pedestal 3354 tovrard the 
workpiece periphery, or ceiling axial gas feeds 3364d 
can extend downwardly from the ceiling 3352 toward the 
workpiece periphery. Etch rates and/or polymer deposi- 
tion rates at the workpiece center and periphery can be 
"0 adjusted independently relative to one another to 
achieve a more radially uniform etch rate distribution 
across the workpiece by controlling the process gas flow 
rates toward the workpiece center and periphery 
through, respectively, the center gas feed 64a and any 
« one of the outer gas feeds 3364b-d. This feature of the 
invention can be carried out with the center gas feed 
3364a and only one of the peripheral gas feeds 3364b-d. 

The solenoidal coil antenna 3342 is wound around 
a housing 3366 surrounding the center gas teed 3364 
50 A plasma source RF power supply 3368 is connected 
across the coil antenna 3342 and a bias RF power sup- 
ply 3370 is connected to the pedestal 3354. 

Confinement of the overhead coil antenna 3342 to 
the center region of the ceiling 3352 leaves a large por- 
55 tion of the top surface of the ceiling 3352 unoccupied 
and therefore available for direct contact with tempera- 
lure control apparatus including, for example, plural ra- 
diant heaters 3372 such as tungsten halogen lamps and 
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L^cy^tii or aluminum lor example, witn coolant passag s 
3374a extending therethrough. The individual heaters 
3372 form plural groups, each group being circumferen- 
tiatly arranged along a certain radius from the center of s 
the ceiling. The heaters can be controlled together so 
that the entire ceiling constitutes a single temperature 
control zone. However, each radial group of heaters 
3372 can be controlled separately from all other such 
groups, so that the ceiling is divided into plural annular to 
temperature control zones whose temperatures may be 
made to differ to optimize processing uniformity at the 
workplace or wafer surface. 

Preferably the coolant passages 3374a contain a 
coolant of a known variety having a high thermal con- '5 
ductivity but a low electrical conductivity, to avoid elec- 
trically loading down the antenna or solenoid 3342. The 
cold plate 3374 provides constant cooling of the ceiling 
3352 while the maximum power of the radiant heaters 
3372 is selected so as to be able to overwhelm, if nec- 20 
essary, the cooling by the cold plate 3374, facilitating 
responsive and stable temperature control of the ceiling 
3352. The large ceiling area irradiated by the heaters 
3372 provides greater uniformity and efficiency of tem- 
perature control, {it should be noted that radiant heating 25 
is not necessarily required in carrying out the invention, 
and the skilled worker may choose to employ an electric 
heating element instead, as will be described later in this 
specification.) If the ceiling 3352 is silicon, as disclosed 
in co-pending U.S. application Serial No. 08/597,577 30 
filed February 2, 1 996 by Kenneth S. Collins et al., then 
there is a significant advantage to be gained by thus in- 
creasing the uniformity and efficiency of the temperature 
control across the ceiling. Specifically, where a polymer 
precursor and etchant precursor process gas (e.g., a 35 
fluorocarbon gas) is employed and where the etchant 
(e.g., fluorine) must be scavenged, the rate of polymer 
deposition across the entire ceiling 3352 and/or the rate 
at which the ceiling 3352 furnishes a fluorine etchant 
scavenger material (silicon) into the plasma is better 40 
controlled by Increasing the contact area of the ceiling 
3352 with the temperature control heater 3372. The so- 
lenoid antenna 3342 increases the available thermal 
contact area on the ceiling 3352 because the solenoid 
windings 3344 are concentrated at the center axis of the 45 
ceiling 3352. 

The increase in available area on the ceiling 3352 
for thermal contact is exploited in a preferred implemen- 
tation by a highly thermally conductive torus 3375 
(fomned of a ceramic such as aluminum nitride, alumi- so 
num oxide or silicon nitride or of a non-ceramic like sil- 
icon either lightly doped or undoped) whose bottom sur- 
face rests on the ceiling 3352 and whose top surface 
supports the cold plate 3374. One feature of the torus 
3375 is that it displaces the cold plate 3374 well-above 55 
the top of the solenoid 3342. This feature substantially 
mitigates or neariy eliminates the reduction in inductive 
coupling between the solenoid 3342 and the plasma 



the conductive plane of the cold plate 3374 to the sole- 
noid 3342. In order to prevent such a reduction in induc- 
tive coupling, it is preferable that the distance between 
the cold plate 3374 and the top winding of the solenoid 
3342 be at least a substantial fraction (e.g., one half) of 
the total height of the solenoid 3342. Plural axial holes 
3375a extending through the torus 3375 are spaced 
along two concentric circles and hold the plural radiant 
heaters or lamps 3372 and permit them to directly irra- 
diate the ceiling 3352. For greatest lamp efficiency, the 
hole interior surface may be lined with a reflective (e.g., 
aluminum) layer. The center gas feed 54a may be re- 
placed by a radiant heater, depending upon the partic- 
ular reactor design and process conditions. The ceiling 
temperature is sensed by a sensor such as a thermo- 
couple 3376 extending through one of the holes 3375a 
not occupied by a lamp heater 3372. For good thermal 
contact, a highly thermally conductive elastomer 3373 
such as silicone rubber impregnated with boron nitride 
is placed between the ceramic torus 3375 and the cop- 
per cold plate 3374 and between the ceramic torus 3375 
and the silicon ceiling 3352. 

As disclosed in the above-referenced co-pending 
application, the chamber 3340 may be an all-semicon- 
ductor chamber, in which case the ceiling 3352 and the 
side wall 3350 are both a semiconductor material such 
as silicon. As described in the above-referenced co- 
pending application, controlling the temperature of, and 
RF bias power applied to, either the ceiling 3352 or the 
wall 3350 regulates the extent to which it furnishes flu- 
orine scavenger precursor material (silicon) into the 
plasma or, alternatively, the extent to which it is coated 
with polymer. The material of the ceiling 3352 is not lim- 
ited to silicon but may be, in the alternative, silicon car- 
bide, silicon dioxide (quartz), silicon nitride or a ceramic. 

As described in the above-referenced co-pending 
application, the chamber wail or ceiling 3350, 3352 need 
not be used as the source of a fluorine scavenger ma- 
terial. Instead, a disposable silicon member can be 
placed inside the chamber 3340 and maintained at a 
sufficiently high temperature to prevent polymer con- 
densation thei*eon and permit silicon material to be re- 
moved therefrom into the plasma as fluorine scavenging 
material. In this case, the wall 3350 and ceiling 3352 
need not necessarily be silicon, or if they are silicon they 
may be maintained at a temperature (and/or RF bias) 
near or below the polymer condensation temperature 
(and/or a polymer condensation RF bias threshold) so 
that they are coated with polymer from the plasma so 
as to be protected from being consumed. While the dis- 
posable silicon member may take any appropriate form, 
in the illustrated embodiment the disposable silicon 
member is an annular ring 3362 surrounding the ped- 
estal 3354. Preferably, the annular ring 3362 is high pu- 
rity silicon and may be doped to alter its electrical or op- 
tical properties. In order to maintain the silicon ring 3362 
at a sufficient temperature to ensure its favorable par- 
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silicon material into the plasma for fluorine scavenging), 
plural radiant (e.g.. tungsten halogen lamp) heaters 
3377 arranged in a circle under the annular ring 3362 
heat the silicon ring 3362 through a quartz window 3378. 5 
As described in the above-referenc d co-pending appli- 
cation, the heaters 3377 are controlled in accordance 
wrth the measured temperature of the silicon ring 3362 
sensed by a temperature sensor 3379 which may be a 
remote sensor such as an optical pyrometer or a fiuoro- w 
optical probe. The sensor 3379 may extend partially into 
a very deep hole 3362a in the ring 3362. the deepness 
and narrowness of the hole tending at least partially to 
mask temperature-dependent variations in thermal 
emissivrty of the silicon ring 3362, so that it behaves is 
more like a gray-body radiator for more reliable temper- 
ature measurement. If the heaters at different radial lo- 
cations are controlled independently as mentioned pre- 
viously herein, then plural sensors at different radial lo- 
cations may be provided. 20 

As described in U.S. application Serial No. 
08/597,577 referred to above, an advantage of an all- 
semiconductor chamber is that the plasma is free of con- 
tact with contaminant producing materials such as met- 
al, for example. For this purpose, plasma confinement 2S 
magnets 3380, 3382 adjacent the annular op enirTf^^^ 
P^^yejit^jceducTpa^^ 
"^^S^a To the extent any polymer precursor and/or active 
-spsJTtes succeeds in entering the pumping annulus 
3360, any resulting polymer or contaminant deposits on 30 
the replaceable interior liner 3360a may be prevented 
from reentering the plasma chamber 3340 by maintain- 
ing the liner 3360a at a temperature significantly below 
the polymer condensation temperature, for example, as 
disclosed in the referenced co-pending application. ' 3S 

A wafer slit valve 3384 through the exterior wall of 
the pumping annulus 3360 accommodates wafer in- 
gress and egress. The annular opening 3358 between 
the chamber 3340 and pumping annulus 3360 is larger 
adjacent the wafer slit valve 3384 and smallest on the 40 
opposite side by virtue of a slant of the bottom edge of 
the cylindrical side wall 3350 so as to make the chamber 
pressure distribution more symmetrical with a non-sym- 
metrical pump port location. 

Maximum inductance near the chamber center axis 45 
3346 is achieved by the vertically stacked solenoidal 
windings 3344. In the illustrated, another winding 3345 
outside of the vertical stack of windings 3344 but in the 
horizontal plane of the bottom solenoidal winding 3344a 
may be added, provided the additional winding 3345 is so 
close to the bottom solenoidal winding 3344a. 

One feature of the invention is the adjustment of the 
radial density distribution of etchanl precursors and pol- 
ymer deposition precursors in the plasma near the wafer 
surface. Such adjustment can make the radial distnbu- ss 
tion of the etchant and polymer deposition precursors 
more nearly uniform across the wafer, a significant ad- 
vantage. The adjustment is carried out by differentially 



flow inlets ( .g.. the inner and outer gas flow inlets 
3364a. 3363d, respectively, of FIG 80), differentially ad- 
justing th power to the inner and outer groups of ceiling 
heaters ( .g., the inner and outer heater lamps 3376. 
3372, respectively, of FIG. 80), differentially adjusting 
the RF power applied to the inner and outer overhead 
antenna coils (e.g.. the inner and outer antenna coils 
175, 180. respectively, of FIGS. 42-47) and/or differen- 
tially adjusting the RF power applied to the inner and 
outer sectrons of the ceiling (e.g., the inner and outer 
ceiling sections 230a, 230b, respectively, of FIGS 
42-47). For optimum adjustability, all of these adjustable 
features may be combined into the reactor of FIG. 80 by 
substituting the inner and outer ceiling sections 230a, 
230b and inner and outer antenna coils 175, 180 of FIG* 
47 for the ceiling 3352 and antenna 3342 of FIG. 80. 

The presence of a conductive backplane (such as 
the backplane 400 of FIGS. 25A-C) connected to ground 
was assumed in the analysis and example provided un- 
der the sub-heading "The Silicon Ceiling Adds Virtually 
No Losses in the Return Path of the Bias RF Power 
Source" earlier in this specification. However, in the 
presently preferred embodiment, no such backplane is 
employed. Instead the edge of the semiconductor win- 
dow electrode or ceiling 110 is connected either to 
ground or to an RF bias source. One advantage is that 
more area of the cieling 1 1 0 is available for thermal con- 
trol. This change increases the insertion impedance of 
the ceiling 110 relative to the analysis and example giv- 
en above, so that Rsiat/Re(Z) is increased from .004 to . 
017 by requiring the retum current to flow radially 
through the ceiling 110. However, this ratio is still so 
small as to remain inconsequential in the preferred em- 
bodiment. This increase is probably due to a radial volt- 
age drop across the ceiling 110 attributable to its con- 
nection at its edge (either to ground or to an RF bias 
source). The radial voltage drop is quite small, about 
3.3.%, which is why Rsiai/Re(Z) remains relatively small 
even in the prefen-ed embodiment. 

While the invention has been described by specific 
reference to preferred embodiments, it is understood 
that variations and modifications thereof may be made 
without departing from the true spirit and scope of the 
invention. 



Claims 

1. A plasma reactor capable of controlling radial dis- 
tribution of plasma ion density across a workpiece 
surface, comprising: 

a reactor chamber for containing a semicon- 
ductor workpiece and a process gas. said 
chamber including an overhead semiconductor 
ceiling having a three-dimensionaily shaped in- 
terior surface facing the interior of said cham- 
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an inauctrve antenna overlying said ceiling, 
said inductive antenna comprising separate in- 
dependently controllable radially inner and ra- 
dially outer antenna sections; and 
independent RF power sources connected to 
respective ones of said inner and outer antenna 
sections. 

2. A reactor as claimed in claim 1 , wherein said ceiling 
interior surface is hemispherical. 

3. A plasma reactor, comprising: 

a reactor chamber tor containing a semicon- 
ductor workpiece and a process gas, said 
chamber including an overhead ceiling having 
a hemispherical interior surface facing the inte- 
rior ot said chamber; 

an inductive antenna overlying said ceiling and 
being nonconformal with said hemispherical in- 
terior surface of said ceiling; and 
an RF power source connected to said anten- 
na. 

4. A reactor as claimed in any one of claims 1 to 3, 
further comprising an RF power source connected 
to said semiconductor ceiling. 

5. A reactor as claimed in any one of claims 1 to 4, 
further comprising inner and outer process gas in- 
lets at respective inner and outer radial locations in 
said chamber. 

6. A reactor as claimed in claim 5, wherein process 
gas flow rates in said inner and outer gas inlets are 
separately controllable. 

7. A plasma reactor capable of controlling radial dis- 
tribution of plasma ion density across a workpiece 
surface, comprising: 

a reactor chamber for containing a semicon- 
ductor workpiece and a process gas, said 
chamber including an overhead ceiling having 
a three-dimensionally shaped interior surface 
facing the interior of said chamber; 
an inductive antenna overlying said ceiling; 
radially inner and outer gas inlets at respective 
radial locations in said chamber, the gas flow 
rates in said inner and outer gas inlets being 
separately controllable; and 
an RF power source connected to said anten- 
na. 

8. A plasma reactor, comprising: 

a reactor chamber lor containing a semicon- 



chamber including an overhead ceiling having 
an interior surface facing the interior of said 
chamber; 

5 an inductive antenna overlying said ceiling and 

being nonconformal with the shape of said in- 
terior surface of said ceiling; and 
an RF power source connected to said anten- 
na. 

10 

9. A reactor as claimed in claim 8, wherein said ceiling 
interfor surface is three-dimensionally shaped. 

10. A reactor as claimed in any one of claims 1 to 9, 
IS wherein said ceiling comprises electrically separate 

radially inner and outer ceiling sections, said reactor 
further comprising respective RF power sources 
connected to said separate ceiling sections. 

20 11. A plasma reactor, comprising: 

a reactor chamber for containing a semicon- 
ductor woricpiece and a process gas, said chamber 
including an overhead ceiling which Is at least semi- 
conductive having a three-dimensionaily shaped in- 

25 terior surface facing the interior of said chamber, 
said ceiling comprising electrically separate radially 
inner and outer ceiling sections, said reactor further 
comprising respective RF power sources connect- 
ed to said separate ceiling sections. 

30 

12. A reactor as claimed in claim 1 1 , further comprising 
a woricpiece support inside said chamber in facing 
retatbnshtp to said ceiling and constituting a coun- 
ter electrode for said ceiling, 

35 

1 3. A reactor as claimed in claim 1 1 or claim 1 2, wherein 
said ceiling comprises a semiconductor material 
whereby said ceiling is both an electrode and a win- 
dow through which RF power may be inductively 

40 coupled into said chamber, said reactor further 
comprising: 

an inductive antenna overlying said ceiling; and 
an RF power source connected to said anten- 
45 na. 

14. A reactor as claimed in any one of claims 1 to 13, 
wherein said antenna comprises windings extend- 
ing over and out from said ceiling. 

50 

15. A reactor as claimed in claim 14, wherein said wind- 
ings constitute a solenoidal inductor. 

16. A reactor as claimed in any one of claims 1 to 15, 
55 further comprising plural heat sources disposed at 

different radial locations of said ceiling. 

17. A plasma reactor, comprising: 
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ductor workpiece and a process gas, said 
chamber including an overhead ceiling having 
a three-dimensionally shaped interior surface 
facing the interior of said chamber; 5 
an inductive antenna overlying said ceiling; 
an RF power source connected to said anten- 
na; and plural heat sources disposed at differ- 
ent radial locations of said ceiling. 

10 

18. A reactor as claimed in any one of claims 1 to 17. 
further comprising: 

a temperature control system individually 
controlling heat sources at different radial locations 
whereby said ceiling comprises of plural radial tern- 
perature control zones. 

19. A reactor as claimed in any one of claims 3 to 18, 
wherein said ceiling comprises a semiconductor 
material. 

20. A reactor as claimed in any one of claims 1 to 19, 
further comprising a ceiling RF power source cou- 
pled to said ceiling whereby said ceiling is (a) a win- 
dow through which RF power from said inductive 25 
antenna is coupled and (b) an electrode for capac- 
itively coupling power from said ceiling RF power 
source. 

21. A reactor as claimed in any one of claims 1 to 20, 30 
wherein said antenna is non-conformal with said 
ceiling interior surface, and preferably generally flat. 

22. A reactor as claimed in any one of claims 1 to 21, 
wherein said ceiling interior surface is dome- 35 
shaped. 

23. A reactor as claimed in any one of claims 1 to 22, 
wherein said antenna comprises inductive windings 
extending away from said ceiling. 40 

24. A reactor as claimed in claim 23, wherein said an- 
tenna comprises a solenoid. 

25. A reactor as claimed in any one of claims 1 to 24, 
wherein said ceiling further has an exterior surface 
congruent with said interior surface and said anten- 
na is generally conformal with said exterior surface. 
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